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ABSTRACT 
 
Research on theoretical models to study stress wave management has created new 
opportunities to design and fabricate beads and laminated composites in order to 
improve the material performance of engineering devices such as armors, casing for 
sensitive equipment, and heavy machinery.  This thesis provides in detail the steps to 
formulate, test, and characterize the beads developed by two different approaches (sol-
gel and vibration method) as well as laminated composites.   
Through the sol-gel method, the forming techniques and parameters for producing 
alumina beads using sodium alginate were developed.  This simple, inexpensive, and 
environmentally friendly approach to producing alumina beads using bead-forming 
equipment occurs when a flat-tipped needle produces droplets that cross-link, forming 
green bodies upon contact with a CaCl2 solution.  An exchange of ions takes place, 
where sodium alginates substitute their Na+ for Ca2+ ions to form semi-rigid bodies.  
Spherical ceramic beads using 50 wt% alumina suspension with 0.04 wt% polyacrylate 
dispersant are produced when: the viscosity of the slurry is below 0.3 Pa•s, the surface 
tension of the gelling solution is below 50 mN/m, and the distance of the nozzle tip to 
the reacting solution is approximately 3 cm.  The sol-gel method approach for producing 
alumina beads using alginates will allow its use for any type of ceramic material, 
changing its chemical composition and controlling the microstructure and shape of the 
beads.   
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Moreover, a second technique to make beads larger than 5 mm in diameter was 
established.  Through the vibration approach, several types of alumina beads such as 
oblate, prolate, and tri-axial were produced with variable size and levels of porosity.  In 
this approach, a formulation of 82.7 wt% alumina powder dispersed in 17.3 wt% water 
using 0.8 wt% ammonium salt dispersant with 0.2 wt% polyvinyl alcohol (PVA) binder 
was used.  After the drying of the alumina slurry, the mixture becomes a paste and it is 
fairly solid when left at rest, but will begin to flow under applied stress.  With the correct 
moisture content (~9 wt% water content), the alumina paste can then be placed in a 
vibrating table within enclosures to form beads.  Through an understanding of the 
formation of the alumina beads, it was found that the alumina paste is a viscoelastic 
solid with limited strain recovery.  Based on the thermal treatment process, the optimum 
conditions were 700 oC/1hr for calcination and 1650 oC/4hrs for sintering, where the 
density was 97% of the theoretical value and the compressive load of the alumina 
beads were 3954 + 93 N.  Furthermore, the refinement step provided more insight in to 
mechanical performance of the alumina beads.  The three stages under longer milling 
times revealed that during the first 50 hours at 220 rpm, the bead diameter was reduced 
by 0.7 %; during the second stage, the diameter remained constant; and during the third 
stage, the alumina bead either fractured or became misshapen.   
Lastly, this thesis presents the Split Hokinson Pressure Bar (SHPB) results using 
Brazilian disk geometry to understand the stress wave propagation in a laminated 
alumina/epoxy system.  The impact orientation of the layered alumina/epoxy system 
was gradually changed every 45o from 0o to 90o in order to understand the evolution of 
the fracture.  In addition, laminated alumina and pure epoxy samples were the control 
	   iv	  
experiments to compare their dynamic responses and fracture behavior.  Through 
careful evaluation of the tested laminate samples, it was concluded that as the angular 
orientation of the laminate alumina/epoxy disks increased within the tested angle of 
orientation from 0o to 90o, transmitted force of the laminates decreased and their failure 
mode changed from major delamination to minor cracks.  In the case of the control 
experiments, the epoxy sample did not fracture because of the nature of the polymer.  
However, the laminated alumina sample had a minor indentation in the impacted area.   
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CHAPTER 1 
INTRODUCTION 
 
1.1 INTRODUCTION 
Tailoring stress waves for a specific structural application requires an 
understanding of material properties and stress wave management.  The work 
presented in this thesis primarily focuses on the material development aspects of 
granular media and laminated composites.  In this introduction describes the 
motivation behind this work, goals, and achievements.  In addition, a description 
of theoretical models of stress wave propagation in both systems is provided.  
Finally, this chapter concludes by presenting the organization of the thesis.  
 
1.2 MOTIVATION 
Nature provides many examples in which wave propagation is present in our 
daily lives.  A good example is the destructive waves of an earthquake causing 
rockslides, rock falls, and avalanches and in the worst case scenario, causing 
major destruction (i.e. earthquakes and tsunamis in Pacific coast of Chile, Peru, 
and Japan, which is a region known as the “ring of fire” [1, 2]). 
In general, the intensity and the form of the waves depend on the medium 
that holds them and the force that generates them.  An active area of research is 
tunability and tailoring of the waves associated with many engineering devices [3, 
4] such as in armor, sensitive casing devices, and heavy machineries.  So far, 
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the most common but passive practice is to dissipate waves by using external 
absorbers such as foams, sand, and viscous (seismic) dampers.   
Since the derivation of the contact law (force-displacement) by Hertz, [5] 
where he predicted that the nonlinear contact interaction between two spheres 
varies as the power of 3/2 , many efforts to understand granular media in more 
complex systems have been developed. The interesting feature in granular 
media is the negligible linear range of the force-displacement interaction between 
spheres resulting in an effective zero sound speed known as “sonic vacuum” [6, 
7]. 
 Similarly, to understand stress wave management in laminated 
composites, many topological optimization models were developed to tailor 
stress wave propagation [8].  These models are based on two material systems 
in which the volume fraction (strong and compliant layers) and orientation define 
the rank laminated microstructure [8, 9]. 
The motivation of this thesis is to develop new and to improve existing 
materials in order to help with stress wave management based on the 
understanding of microstructural influence and macro scale material responses. 
Processing techniques to make beads will provide a material toolbox to tailor the 
composition, size, and shape of the ceramic beads.  Similarly, the fabrication of 
laminated composites will help to understand the challenges of making real 
materials that can potentially be used to focus or dissipate stress waves. 
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1.3 GOALS AND ACHIEVEMENTS 
This section summarizes the objectives pursued in this study.  As part of this 
thesis, two manufacturing techniques to make spherical beads were developed 
and laminated systems were processed to the study of stress wave propagation 
to tailor the material design concepts.  The main goals for the processing aspect 
of spherical beads were to: 
• Explore the sol-gel dripping method to make pure alginate beads and 
modify the sol-gel technique to produce (spherical and non-spherical) 
ceramic beads of different compositions and microstructures using 
alginate as a precursor binder.   
• Optimize the slurry composition to refine the formulation based on the 
amount (wt%) of ceramic powder, dispersant, and alginate binder.  In 
addition, adjust the slurry composition based on the type of alginate added 
to the system. 
• Develop the bead forming equipment to control the processing parameters 
of the sol-gel dripping method, i.e.  controlling the droplet formation, 
adjusting the height of the tip from the gelling solution (CaCl2) layer, and 
modifying the surface tension and wt% of the gelling solution. 
• Refine the drying, calcination, and sintering conditions of the green body 
beads to tailor the microstructure and mechanical properties. 
Although some significant improvements were made to the the sol-gel 
dripping method to process ceramic beads ranging from 0.1-5 mm in diameter, 
one of the limitations of the sol-gel technique was producing beads larger than 
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the mentioned range.  Therefore, other alternatives to complement the sol-gel 
technique to produce beads larger than 5 mm were searched.  Consequently, the 
vibration method to produce beads was discovered in our labs.  The vibration 
approach allows manipulation the composition and rheology of the starting 
materials to make (spherical and non-spherical) ceramic beads with reproducible 
properties and desirable size.  The goals for this subsequent topic were to:  
• Optimize the slurry composition to refine the formulation by changing the 
particle size, the amount (wt%) of ceramic powders and the amount of 
binder added. 
• Standardize the vibration process to make beads with reproducible 
properties (i.e. the amount of water retained after dehydration of the slurry 
and the applied stress during vibration). 
• Evaluate the rheology behavior of the paste to understand the bead 
evolution from something that it is non-spherical to something that it is 
more spherical.  
• Refine the vibration technique to mass-produce the spherical and non-
spherical beads. 
• Evaluate the performance of the beads as a function of the number of 
rotating cycles. 
In addition, as an alternative way to understand stress wave in real materials, 
the approach taken was to design laminated composites based on the 
topological model proposed by Chau et al. [9].  Understanding the operating 
mechanisms of laminated systems can serve as a guide to improve the design 
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concepts in hierarchically laminated materials, where the orientation of a 
laminate can be manipulated to manage stress waves. In this part of the 
research, the goal was to: 
• Demonstrate a feasible way of preparing advanced ceramic/polymeric 
system that contains alumina and epoxy stacking layers (The alumina 
layers are made into thin sheets, which were then sintered together 
forming alumina stacks.  Then, each stack was coated with epoxy, making 
a multilayered alumina/epoxy composite system).   
• Evaluate the material performance, particularly the crack deflection 
mechanism of the laminated systems using the Split Hopkinson Pressure 
Bar (SHPB) combined with the use of the Brazilian disk configuration. 
• Test the stress wave characteristics in the laminated systems as a 
function of the testing angle orientation (0o, 45o, and 90o) and analyze their 
fracture behavior using high-speed imaging. 
 
1.4  STRESS WAVE PROPAGATION IN GRANULAR MATERIALS 
1.4.1 Hertzian Contact Between Two Spheres 
When two spheres come into contact, force-displacement over a small region 
can be described by the elastic nonlinear [10] interaction (Fig. 1.1) based on the 
Hertzian contact model (Fig. 1.2) shown in Equation 1.1  The Hertzian contact 
models assumes that: 
I. The radius of the curvature of the spheres is much larger than the contact 
region. 
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II. The dimensions of each body are sufficiently large when compared to the 
contact region radius (i.e. indentation stresses and strain are independent 
of the changing geometry). 
III. There is no friction between the two spheres. 
! = !!!∗ !∗!!/! 
Equation 1.1 
Where, F is the contact force, δ is the displacement the spheres, E* is the 
Young’s modulus interaction between the two spheres, and R* is the radius 
interaction for sphere 1 and sphere 2.  The inverse Young’s modulus interaction 
(E*) can be described by Equation 1.2. !!∗ = !− !!!!! + !− !!!!!  
Equation 1.2 
where E1, ν1, and E2, ν2 are the Young’s modulus and Poisson ratio for sphere 1 
and sphere 2, respectively.  In addition, the inverse radius interaction (R*) of 
sphere 1 and sphere 2 is described following Equation 1.3. !!∗ = !!! + !!! 
Equation 1.3 
where R1 and R2 is the radii for sphere 1 and sphere 2, respectively.  When all 
these parameters are replaced into Equation 1.1, the following formula is solved 
for the contact force between two spheres (Equation 1.4). 
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! = !! !!!!!! !− !!! + !! !− !!! !! + !!!!!! !!/! 
Equation 1.4 
Following the work of Hertz, Nesterenko discovered theoretically and 
numerically, a new kind of nonlinear soliton-type of wave in an uncompressed 1D 
homogeneous granular array [11, 12].  In this case, it was assumed that there is 
constant compression force (Fo) applied to both ends of the spheres, and 
identical sphericals with radius R [12]. Equations 1.5-1.7 show the particle 
equation of motion based on Equation 1.3. 
!! = ! !! − !! + !!!! !! − ! !! − !!!! + !! !!, ! − 1 ≥ ! ≥ !   
Equation 1.5 
! = ! 2! !/!3 1− !! ! 
Equation 1.6 
! = 43!!!!! 
Equation 1.7 
where m is the mass, R is the radius, E is the elastic modulus, and ν is the 
Poisson’s ratio of the bead.  In addition, ui is the displacement of the bead i and 
δo is the initial displacement caused by the initial pre-compression Fo.   
This early work motivated a series of publications focusing on theoretical and 
experimental studies of uncompressed chains [13-15].  Coste et al. studied highly 
nonlinear 1D granular chains and provided one of the earliest experimental 
verifications of the formation of solitary waves in these media [14]. In addition, 
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Job et al. studied nonlinear solitary waves in 1D granular systems with boundary 
[16], interface between two granule crystals, [13] and effect of viscous fluid 
surrounding the contact [13].  Furthermore, Rosas at el. studied the response of 
uncompressed 1D granular crystals through models including friction [17] and 
dissipation [15].   
 Recently, Daraio et al. numerically and experimentally investigated the 
propagation of solitary waves in 1D chains of polytetrafluoroethylene (PTFE) and 
of polymer-coated, steel particles, [18] the propagation of solitary waves in 
periodic crystal of high dimensionality, [19] and the effect of tunabillity [20].   
 The contact nonlinear interaction in beads produces solitary waves, which 
appear when five or more beads are in a line contact.  The intensity of the 
solitary wave will change based on the input force, material properties, and size 
of the beads.  Coste et al. found that 1D solitary wave interaction scale as !!!/!  [14].  This expression to calculate solitary wave velocity was derived by 
Dario et al. [20]  (Equation 1.8). 
!! = 0.6802 2!!!!/! 1− !! !/! !!!/! 
Equation 1.8 
where E,ν, and ρ are the Young’s modules, Poisson ratio and density of the 
bead.  !!!/! is the maximum force.  In addition, On et al. found solitary waves 
when observing the plastic deformation on the tested beads [21]. 
To complicate the problem from 1D to 2D, Awashi et al. conducted a 
numerical study of bead packing, including spherical intruders at the interstitial 
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sites (Fig. 1.3) and they found that solitary waves are present when there is a low 
mass-ratio and high stiffness-ratio between intruder and granular media [22].  In 
addition, Leonard et al. experimentally investigated rectangular packing and 
found solitary waves traveling down that excited the chain (Fig. 1.4) [23]. 
Furthermore, Vakakis et al. developed numerical simulations and experiments to 
demonstrate energy equipartitioning of solitary waves in a 2D granular 
arrangement [24].  Following the numerical approach of energy equipartitioning 
of solitary waves in 2D, Vakakis et al. expanded the model to better understand 
the effect of an embedded matrix granular chain between two chains and found 
energy transfer between the excited and absorbing chain when they were 
embedded in matrix.  Some of the results are shown in Fig. 1.5.   
 
1.5  STRESS WAVE PROPAGATION IN LAMINATED SYSTEMS 
The growing interest over the years in laminated composites in modern 
industries such as aerospace, infrastructure, and energy has motivated the study 
of stress wave propagation in layered systems.  In the dynamic behavior, 
Federov [25] and Achenbach [26] developed extensive reviews of plate theory.  
Motivated by the previous work, Norris [27] and Braga et al. [28] considered 
wave propagation in layered systems.  Similarly, several experimental analyses 
on their dynamic behavior were reported by Reddy [29], Liu [30], and Sun [31]. 
 
1.5.1  Multiscale Topological Optimization 
	   10	  
microstructure in a laminated composite based on the Young’s modulus, density, 
volume fraction, and orientation of each phase [32].  At each microstructural 
point, the nonlinear elastoplastic optimization was used and this model was 
developed based on linear elastic behavior [32-35].  In the case of gradient 
topological optimization, Le et al. developed three different types of 
microstructures, where each one was based on their constituent material 
properties (Fig. 1.6) [36].  For instance, rank-1 microstructure is defined as a 
layered system with two parameters: volume fraction and layered orientation [36].  
Rank-2 laminate is constructed by layering the matrix rank-1 into the rank-2 
microstructure.  Similarly, rank-3 microstructure is developed based on 
microstructure of rank-2 and rank-1.  This type of hierarchical microstructure can 
be developed based on the N type of microstructures added to the laminate.  The 
multiscale topology optimization assumed that each layer system is 
homogeneous.  The homogenized elasticity tensor ℂ!"  for the sequential rank-
1 laminate can be described using Equation 1.9 [37]. !!! = ! ℂ!,ℂ!,!!, !!∗  
Equation 1.9 
Chau at el. used three different examples, where the microstructure was 
designed to focus, dissipate, and redirect the energy from an impact area [36].  
Figure 1.7 shows an example of energy focusing.  The initial impact load of the 
laminated plate was 1 MPa, where Poisson’s ratio and density for material A was 
0.2 and 1.8 g/mm3, respectively.  Also, the Poisson’s ratio and density for 
material B was 0.3 and 1.4 g/mm3.  The energy focusing microstructure is 
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designed so the impact energy is concentrated in the bottom of the surface plate.  
This change in microstructure created a “sound bullet” effect as shown in Fig. 1.7 
 
1.6  ORGANIZATION OF THE THESIS 
The rest of the thesis is organized as follows:  Chapter 2 describes in detail 
various experiments and equipment to make spherical alumina beads using 
sodium alginate as a sacrificial template. This approach for producing ceramic 
beads allows its use for any type of ceramic material, changing its chemical 
composition and controlling the microstructure and shape of the beads.  In 
addition, Chapter 2 describes other approaches to produce beads. 
 Chapter 3 describes a novel forming method to produce spherical ceramic 
beads larger than 5 mm in diameter.  The process involves preparing a slurry 
and controlling the moisture content of the slurry after dehydration.  In addition, 
the rheology of the paste is studied to understand the forming process of the 
beads and to compare the results with the stress applied during formation of the 
beads.  Moreover, the microstructure and mechanical properties of the beads are 
studied to refine the process of the beads. 
 Chapter 4 presents the Split Hopkinson Pressure Bar (SHPB) results using 
Brazilian disk geometry.  In this chapter, the material angle orientation of the 
laminated alumina/epoxy composites is studied as a function of the testing 
orientation.  In the addition, the crack deflection mechanism is reviewed and the 
fabrication process is discussed.  
 Chapter 5 concludes the thesis and provides recommendations for potential 
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areas of research, both in processing of ceramics beads and laminated 
composites.  
Chapter 6 provides a list of all the references, including conference proceedings, 
refereed journals, book chapters, webpages, and etc. 
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1.7  FIGURES 
 
Figure 1.1 Nonlinear contact relation between two spheres [38] 
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Figure 1.2 Illustration of point of contact between two spheres [39] 
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Figure 1.3 Numerical observations of wave propagation on 2D squared packed 
granular media showing solitary waves when (a) E2/E1 = 1; m2/m1 =  0.07107, (b) 
E2/E1 =10; m2/m1 =0.001; Bottom: Directional wave propagation: (c) E2/E1 = 0.1; 
m2/m1 = 0.001, (d) E2/E1 = 0.1; m2/m1 = 10 [22] 
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Figure 1.4 Force versus position map obtained in square packing of steel beads 
at t= 0.6 ms.  The impact (x = 0 m , y = 0.2 m) at velocity of 0.2 m/s showing the 
incident, reflected and transmitted solitary waves [23] 
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Figure 1.5 Velocity responses of numerical and experimental 2D chain of beads 
with PDMS matrix for a sample with 0.5 mm lateral gap [24] 
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Figure 1.6 Rank-1, rank-2, and rank-3 microstructures in laminated systems 
based on a material Young modulus, orientation, and density and volume fraction 
[36] 
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Figure 1.7 Energy focusing at 3.75, 8.25, 10.0, 12.5, 16.25, 20.0, 23.75, 27.5, 
30.0, 32.5, 40.0 and 48.8 µs [37] 
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CHAPTER 2 
ALUMINA BEADS BY THE SOL-GEL METHOD 
 
2.1 INTRODUCTION	  
Alginate, the salt of alginic acid, is a linear chain of monomers covalently 
linked together to form a three-dimensional network (a complex polysaccharide) 
as shown in Fig. 2.1.  Alginates are derived from seaweed, soil, and marine 
bacteria.  Their composition primarily depends on their origin, while their 
mechanical properties depend on the distribution and ratio of their composition 
C-5 epimer α-L-guluronate (G) and (1-4) linked β-D-mannuronate (M).[40] [41]  
The ionotropic gelation of sodium alginate with calcium ions is described in the 
literature by the “egg box model,” where calcium ions interact with oxygen atoms 
on the guluronic acid monomers [42, 43].  The anisotropic structure of the 
alginate gel has not been studied in detail [44-46].  Currently, experiments with 
small angle x-ray scattering using synchrotron radiation have been used to study 
the anisotropic structure of calcium alginate gels [44].  However, most of the 
studies have been conducted in cylinders with high Ca++ concentrations and 
observed by scanning electron microscopy [44]. 
Over the years, many methods have been developed to produce pure 
alginate beads using different types of technologies such as: a rotating atomizer 
for viscous liquids [47], perforated plates [48], a single needle with air flow [49], a 
multiple needle system [50], a nozzle mounted in a rotated cylinder [51]; [52], a 
double fluid atomizer, [53] rotating disc atomization [54], electrostatic dripping
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[55],  a vibrating nozzle [56], dripping [57] [58] and jet cutting [59].  All of these 
methods were developed to produce spherical beads with uniform diameters 
ranging between 0.1 and 5 mm using alginates [60-63] for the immobilization of 
living cells, enzymes, and encapsulation of liquid food or heavy metals.  
The recent growth of interest in understanding stress-wave propagation by 
granular media in one-dimensional, two-dimensional, and three-dimensional 
systems is what led us to produce spherical ceramic beads using alginates as an 
in situ gelling template [60, 61, 64-66].  However, many researchers in the past 
have already been using alginates as an in situ gelling template for making 
ceramic beads [60, 61, 67-69].  Takahiro et al.  [21] described using Na alginate 
as a gelling template when making zirconia spherical particles ranging from 0.24 
mm to 0.48 mm.  They followed two different approaches to make beads: (i) 
dropping zirconia based Na-alginate slurry into a CaCl2 solution with a burette by 
hand and (ii) using mechanical vibration assisted equipment.  Similarly, Buaki-
Sogo et al.  [22] used Na alginate as a template for the preparation of active 
titania photocatalysts.  They managed to prepare alginate beads containing 25 
wt% of Ti with various amounts of Au; the beads had diameters ranging from 3 
nm to 11 nm.  In addition, Monakhova et al.  [25] produced mixed lanthanum 
alginated beads containing various amounts of alkaline earth cations (Ba2+, Sr2+, 
Ca2+,Mg2+). 
 Although making ceramic beads using alginates as an in situ gelling template 
is not new, our aim is to optimize the manufacturing process to make spherical 
ceramic beads.  This approach to produce ceramic beads will allow us to form 
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any type of ceramic material, change its chemical composition, control the size 
and modify the shape of the beads for the study of energy dispersion and by 
focusing on granular media.   
Currently, a simple and inexpensive approach to produce spherical beads is 
by using a syringe with a flat-tipped needle.  Beads of alginate are obtained when 
the flat-tipped needle produces droplets that cross-link, forming semi-rigid 
spherical bodies upon coming into contact with calcium chloride.  The exchange 
of ions takes place when sodium alginate replaces their monovalent Na+ ions for 
divalent Ca2+ ions to form a semi-rigid body.  
This technique, however, is too slow for mass production and does not have 
control over the diameter and shape of the beads. An ideal bead process should 
produce beads at a high rate with controllable properties such as desired 
composition, size, density, pore size, and mechanical properties.  More 
specifically, therefore the goal of this work was: 
I. To explore the dripping approach to make pure alginate beads and modify 
the process to produce ceramic beads using sodium alginate as a 
precursor binder, and 
II. To evaluate the forming parameters using the bead-forming equipment. 
 
2.2 EXPERIMENTAL PROCEDURES	  
The experimental procedure to make spherical ceramic beads started with the 
procurement of the following materials.  Alumina powder (A16 SG, Almatis 
Premium Alumina, Bauxite, AR) with a mean particle size of 0.4 µm and specific 
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surface area of 7.0 m2/g, calcium chloride (Fisher Scientific, Fair Lawn, NJ), 
sodium alginate (C6H7NaO6)n (Will Powder, Miami Beach, FL), and ammonium, 
polyacrylate, dispersant, (Darvan 821A, R.T Vanderbilt Company, Norwalk, CT), 
were used in this work.  Others materials include: 98 % pure ethanol, ammonium 
hydroxide, nitric acid, and distilled water, which were obtained from Fisher 
Scientific.  
 
2.2.1 Preparation of Alumina Sodium Alginate Slurry and Calcium Chloride  
Alumina suspension with alginate solution was prepared in four steps.  First, 
50 wt% to 70 wt% of alumina powder was dispersed in distilled water while using 
0.04 wt% of ammonium polyacrylate dispersant for a period of 30 minutes with a 
magnetic stirrer.  All of the additives added to the suspension including the 
dispersant and alginate solution were measured as a function of wt% alumina 
added.   
Second, the suspension was further mixed and de-foamed in a Thinky Mixer 
ARE-250, (Thinky Corporation, Kennesaw, GA) at 1200 rpm for one minute and 
1400 rpm for two minutes.  Third, 0.5 wt% of sodium alginate was added to the 
alumina suspension with a magnetic stirrer for a period of three hours, or until all 
alginates dissolved in the suspension.  Sodium alginate was selected because it 
dissolves easily in distilled water.  Finally, the reacting solution, which was 
calcium chloride mixed with distilled water, was thoroughly mixed for one hour.  
The reacting solution concentrations used for this experiment were 10, 20, 30, 
and 40 wt%, respectively.  
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2.2.2 Bead Forming Equipment  
The bead forming equipment (Fig. 2.2), which is a laboratory scale apparatus, 
was used for making spherical ceramic beads having reproducible size and 
homogenous properties.  The equipment was designed and built by Dr. Bumrae 
Cho through his company (Cenotec LTD, Gyeongnam, Korea).  The bead 
forming equipment was composed of many parts that helped with the formation 
of the ceramic beads.  They were a slurry stirrer (RW 20 Digital Dual-Range 
Mixer, 115 VAC, Cole-Parmer, Vernon Hills, IL), slurry transportation pump with 
pump head (77411-00 and 77601-00, Cole-Parmer, Vernon Hills, IL), intravenous 
(IV) tubing (Baxter, Deerfield, IL) for ethanol, a multiple nozzle system, nozzle 
position controller, 70 cm of dropping column, metallic filter net, manual valve, 
and a collation container.  
The containers at the top carried two liquids, the ceramic slurry and ethanol. 
The container with the ceramic slurry was continuously mixed with a IKA shear 
mixer at low rates.  The slurry were transmitted from the container to the nozzles 
through a pump, which controlled the rate of flow of the slurry material.  The 
container with ethanol, which continuously dripped solvent into the gelling 
solution, helped to reduce the surface tension of the gelling solution while 
preventing the ethanol from evaporating.  As the slurry ran through the nozzle, 
the pulsing nature of pumping helped droplets of ceramic slurry to form.  As the 
droplets fell through the reacting solution contained in the reaction column, semi-
rigid gelled ceramic beads were formed.  To remove the semi-rigid gelled bodies, 
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the valve at the bottom was opened and the beads were collected with a metallic 
filter net.  The role of the metal stand on the left was to precisely control the 
nozzle position, which was the distance between the nozzle and the reacting 
solution surface.   	  
2.2.3 Parameters Controlling the Sphericity of the Ceramic Beads 
There are two sets of parameters considered when making spherical ceramic 
beads with sodium alginate.  The first set of chemical parameters depends 
primarily on the (a) stabilization and viscosity of the slurry as a function of the 
amount of alumina/alginate added to the system.  The second set of 
physical/mechanical parameters in the bead-forming equipment depends on (b) 
the dimensions of the nozzle, (c) the distance between the nozzle and reaction 
column, (d) surface tension of the reacting solution, and (e) the height of the 
reaction column.  A combination of these parameters determines the sphericity of 
the alumina beads and provides beads with (f) uniform properties and 
microstructure. 
 
2.2.4 Sedimentation and Rheology Measurements of Alumina Slurry  
When ceramic powders are added to a suspending medium, such as water, 
the presence of attractive Van der Waals forces results in the particles clustering 
and forming soft agglomerates [70, 71] [33].  These flocculated suspensions tend 
to have high viscosity, which makes processing difficult and leads to the 
formation of inhomogeneous green bodies [32].  Overcoming attractive Van der 
Waals forces can be accomplished through three approaches: electrostatic 
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stabilization (adding a charge to the surface of the particle), steric stabilization 
(coating the particle with a short polymer), and electrosteric stabilization (a 
combination of the other two methods) [32, 33].   
In this paper, the stabilization method to obtain a well-dispersed 
alumina/alginate suspension was through electrosteric stabilization.  It is known 
that alumina powder has an isoelectric point (IEP) between pH 8-9 and that 
ammonium polyacrylate dispersant reverses the alumina isoelectric point of the 
suspension [34].  The electrosteric stabilization of the alumina suspensions was 
found by measuring the sedimentation displacement as a function of time by 
varying pH values between 5 and 10.  Furthermore, the rheological behavior of 
the suspensions containing 50 to 70 wt% alumina content and 0.5 wt% of sodium 
alginate was measured with a controlled stress (CS) rheometer, (CS10, Bohlin 
Gemini, Worcestershire, UK) where the apparent viscosity was measured as a 
function of shear rate.  The controlled stress rheometer was fitted with a 
concentric cylindrical geometry (CS 25, Bohlin Gemini, Worcestershire, UK) in 
which measurements were made over stress ranges of 0.1 to 4 Pa and with 
shear rates from 0 to 240 1/s, in ascending order. 
 
2.2.5 Predicting the Dimension of the Ceramic Beads  
Understanding how the size of the nozzle affects the final dimension of the 
ceramic beads enables accurate prediction of bead size and production of beads 
with narrow size distribution.  Experimental and theoretical approaches were 
taken to measure the bead size as a function of nozzle size. 
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First, the experimental setup for understanding how the size of the nozzle 
affects the final dimension of the ceramic beads was conducted using a 
programmable, single syringe pump (Model 14831200, Abbot Laboratories, 
Abbott Park, IL), which permitted flow rates up to 180 ml/h.  A 60 ml syringe with 
a 3.2 mm inner diameter female luer-lock connector was screwed into a Tygon 
tube (Cole-Parmer, Vernon Hills, IL).  The Tygon tube had 4.3 mm inner diameter 
together with varying dispensing tips (Nordson EFD Corporation, East 
Providence, RI).  The nozzle tips ranged from 0.1 to 1.54 mm inner diameter with 
corresponding 0.24 to 1.83 mm outer diameter.  The apparatus measured the 
dropping velocity of each droplet as a function of flow rate and nozzle tip 
dimension.  For each test, pictures were taken in situ using a Prosilica IEEE 
802.3 1000 baseT camera, (Model GX1050, 1024 × 1024 resolution, Allied Vision 
Technologies, Newburyport, MA).  The droplet was illuminated by a light source 
to capture high contrast images and view their formation.  This was recorded 
using commercially available Vic 2D software (Correlated Solutions Inc., 
Columbia, SC). 
 The theoretical framework of this study was based on the work of Muller [35] 
and Gilson [36].  Their studies predicted that drop size at the nozzle could 
indicate the diameter of a ceramic bead.  First, Muller proposed that the two 
forces acting on a droplet while it forms at the nozzle are surface tension (force 
upwards) and gravitational force (force downwards) respectively, as calculated 
by: !!"#$%&# = !!"#$%!!"#$$%! Ftension = Douter! slurry"  
	   28	  
Equation 2.1 
Fgravity =
!!"Dbead3 g
6  
Equation 2.2 
where Ftension is the force pulling upward, Fgravity is the force pulling downward, 
Douter is the outer diameter of the nozzle, γslurry is the surface tension of the slurry, 
g is the gravitational constant, π is the mathematical constant that is the ratio of 
the circumference of the circle and its diameter (3.14159…), and Dbead is the 
diameter of the bead.  Later, Gilson added to Muller’s assumption [35; 37] by 
introducing a third force pulling downward, which is the inertial force calculated 
by: 
Finertial =
!!"vslurry2 Dinner2
4  
 Equation 2.3 
The inertial force as stated by Gilson is produced as a result of the liquid 
(slurry in this case) flowing through the nozzle.  Figure 2.3 shows all the forces 
acting on the droplet.  Hence, drop formation occurs when the two combined 
gravitational and inertial forces exceed the upward force due to surface tension 
force as shown by: 
Ftension < Fgravity +Finertial  
Equation 2.4 
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As a result, the diameter of the drop, which is the ceramic bead diameter 
(Dbead), is predicted by:  
Dbead =
6Douter! slurry
!"g "
1.5vslurry2 Dinner2
g
#
$
%%
&
'
((
1/3
 
Equation 2.5 
where Douter is the outer diameter of the nozzle, Dinner is the inner diameter of the 
nozzle, γslurry is the surface tension of the slurry, g is the gravitational constant, 
vslurry is the velocity of the slurry passing through the nozzle, and Δρ is the density 
difference between the slurry and its surroundings.  Knowing all of these 
parameters will allow the bead size to be calculated as a function of nozzle 
dimension and slurry velocity. 
 
2.2.6 Drop Height Between the Nozzle and the Reacting Solution  
The impact of the alumina/alginate droplets with the reacting solution surface 
can result in droplets floating, bouncing, coalescing, or having peculiar shapes. 
The experiment to measure the falling distance of the droplets and the dynamics 
of the alumina/alginate suspensions were conducted by varying the height of the 
nozzle tips with respect to the gelling solution surface.  
  
2.2.7 Surface Tension of the Reacting Solution 
Surface tension of the reacting solution and alumina/alginate suspension 
were measured using a tabletop goniometer (F1 series, Rame-hart Instrument 
Co, Netcong, NJ).  In the apparatus, a syringe with a flat-tipped needle was used 
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to replicate the drop formation that was observed in the bead forming equipment.  
During the experiment, the pendant drop option was selected and a picture of the 
droplet was taken with a high-resolution camera.  The surface tension of the 
droplet was predicted by tracing the perimeter of the droplet with the vertical and 
horizontal lines in the Drop Image Advanced Software (Rame-hart Instrument 
Co, Netcong, NJ).  In addition, a video of the droplet was taken to record the 
stages of the droplet formation.  The surface tension of the droplet was 
calculated with a modified version of the Young-Laplace equation [72] calculated 
by: 
! =
!"Ro2
#
 
Equation 2.6 
where γ is defined as the surface tension, Δρ is the difference in density between 
the drop and surrounding medium, R0 is the radius of the curvature at the drop 
apex, and β is the shape factor, which is negative for a pendant drop.  The shape 
factor is defined [38] by: 
! = !0.12836+ 0.7577" !1.7713" 2 + 0.5426" 3  
Equation 2.7 
where σ is calculated by finding the ratio between the maximum diameter and 
minimum diameter of the droplet. 
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2.2.8 Predicting the Minimum Height of the Reaction Column  
The minimum height of the reaction column needed for the experiment was 
predicted based on the Stokes Equation, where the factor 18 came from 
equilibrating the forces (up and down) during settling of beads in a Newtonian 
fluid with lamina flow [39].  First, the terminal velocity (vbead) of the ceramic bead 
inside the reaction column was predicted under laminar flow conditions by: 
 
vbead =
Dbead2 !slurry ! !reactingsolution( )g
18!slurry
 
Equation 2.8 
where Dbead is the diameter of the ceramic bead, ρslurry is the density of the slurry 
material, ρreacting solution is the density of the reacting solution, g is gravity constant, 
and η is the viscosity of the slurry material [39].  The minimum effective height 
(hcolumn) of the gelling column for effective gelation of the ceramic beads was also 
predicted by: 
hcolumn
tgelling
=
Dbead2 !slurry ! !reactingsolution( )g
18!slurry
 
Equation 2.9 
where tgelling is defined as the time needed for effective gelling of the ceramic 
beads. 
hcolumn =
Dbead2 !slurry ! !gelling( )gtgelling
18!slurry
 
Equation 2.10 
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The gelation process of sodium alginate alumina slurry in the presence of 
calcium chloride solution has the potential of introducing ions after gelation and 
this can influence the properties of the alumina beads after sintering.  Takahiro et 
al.  [60] reported that ion exchange reaction is believed to take place in this 
fashion: 
CaCl2 + 2 C6H7O6 ! Na( )" 2Na+ + 2Cl! + C6H7O6 !Ca!C6H7O6( )  
Equation 2.11 
To determine the level of purity of the beads after gelation and sintering, 
elemental analysis was conducted to primarily investigate the presence of Ca2+, 
Na-, and Cl- ions.  The elemental analysis was conducted using inductively 
coupled plasma (ICP) (OES Optima 2000 DV Perkin Elmer, Norwalk, CT), which 
is a very high temperature excitation source that vaporizes, excites, and ionizes 
atoms.  In addition, the thermogravimetric analysis (TGA) using the Netzsch STA 
409 CD (Netzsch Instruments, Selb, Germany) was conducted to confirm the 
mass loss of the samples after calcination and sintering.  These studies were 
conducted in a temperature range extending from 25° to 1500°C, using 10°C/min 
heating and cooling rates. 
 
2.2.9 Mechanical Testing and Characterization of the Ceramic Beads 
The mechanical strength of the alumina beads was measured in a universal 
testing machine (Model 4502, Instron Corp., Canton, Mass.) at a crosshead 
speed of 50 N/min.  A total of 10 beads per sample were analyzed.  The sample 
testing conditions were at a constant sintering time (5 hours), but with an 
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increasing sintering temperature from 1400 oC to 1650 °C at increments of 50°C, 
respectively.  The density of each testing condition was measured following the 
Archimedes method [31].  In addition, micrographs of the microstructure of the 
tested samples were captured using (JSM-6060LV, JEOL USA, Inc., Peabody, 
MA) with an excitation energy of 20 kV.  Prior to imaging, the samples were Au–
Pd sputter-coated for 25 seconds.  The micrographs of each testing condition 
were analyzed using image J software (Open source software, Bethesda, MD). 
 
2.3  RESULTS AND DISCUSSION 
2.3.1 Sedimentation and Rheology Measurements of Alumina Slurry  
Stabilization of the alumina/alginate slurry was achieved by the addition of the 
appropriate dispersant, ammonium polyacrylate, which provided low viscosity 
and ensured that the alumina particles would not settle within a short period of 
time. Ammonium polyacrylate dispersant was employed for the stabilization of 
the slurries with 50, 55, 60, 65, and 70 wt% solids contents at a fixed 
concentration of 0.5 wt% of sodium alginate.  It is known that polyacrylate 
dispersant reverses the particle surface charge [32].  Therefore, the settling time 
as a function of layer thickness of alumina slurry was measured in slurries of 
varying pH between 5-10 to identify the pH at which the slurry became the most 
stable.  The layer thickness of alumina slurry is defined as the thickness in a 
container stable solution.  Figure 2.4 was taken from a single batch 
measurement, and the results were repeatable in previous experiments.  This 
experiment is important since the process of making beads requires having a 
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stable alumina slurry.  Figure 2.4 shows that 50 wt% solid content with 0.04 wt% 
of ammonium polyacrylate dispersant is stable between pH 7-10. In addition, the 
slurry at pH 5 settled within a short time.  
Furthermore, it is known that slurries of ceramic powders do not exhibit 
Newtonian flow behavior [40; 41].  In this particular study, all the slurries 
exhibited shear-thinning behavior, irrespective of the solid content of the slurry.   
The data in Fig. 2.5 and 2.6 was taken from a single batch since their 
behavior was reproducible in three consecutive batches of experiments.  The 
viscosity values for 50 to 70 wt% alumina slurry are plotted as a function of shear 
rate in Fig. 2.5, which indicates that viscosity drops as the shear rate increases, 
until the viscosity reaches a minimum value. Figure 2.6 plots the viscosity at a 
shear rate of 100 s-1 for slurries as a function 50 to 70 wt% alumina content.  The 
shear rate of 100 s-1 was selected because the pumping rate utilized in the bead 
forming equipment had a similar rate.   
 
2.3.2 Predicting the Dimension of the Ceramic Beads  
  Following the work of Gilson [36; 42] to understand the ceramic bead 
formation as a function of nozzle size, it was first understood that a droplet forms 
when slurry flows out of the nozzle. The experiment to understand the 
relationship between the droplet size and bead size was conducted with a 
syringe pump at flow rates from 20 to 180 ml/h, at 40 ml/h increments.  As 
expected, when the inner diameter of the nozzle tip increased, the dimensions of 
the ceramic bead also increased.  Figure 2.7 shows that calculated and 
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experimental values agreed fairly well when predicting the final dimensions of the 
bead.  
  In addition, the dropping time of the droplets was measured. It was found that 
it took approximately 2.25 ms for the droplet to detach from the nozzle.  The 
distance from the initial stage to when the drop fell away was also measured to 
calculate the falling velocity of each droplet.  It was observed through 
experimentation that as the falling velocity of each droplet increased from 2.0 x 
10-4 to 1.0 x 10-3 m/s, the dimensions of the bead decreased by ~3.5% from its 
original dimensions.  When comparing the calculated and the experimental bead 
dimension values as a function of velocity, some discrepancies were observed, 
as seen in Fig. 2.8.   The calculated approach proposed by Gilson assumed that 
droplet detachment occurs instantaneously.  However, experimental results 
found that drop detachment was not instantaneous, as seen in Fig. 2.9.  During 
the stage when the droplet grows in size, the droplet undergoes some necking 
while it is forming at the nozzle tip.  Eventually, the neck of the droplet breaks 
apart and part of the slurry remains to form the new nucleus of the next droplet.  
The calculated values used in Equation 2.5 do not take into account the 
remaining slurry, which could be a reason for the mismatch between calculated 
and experimental values.  However, the calculated value provides an idea of the 
type of bead dimensions one could obtain when designing a new nozzle system. 
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2.3.3 Drop Height Between the Nozzle and the Reacting Solution  
In an attempt to understand the mechanics for obtaining spherical ceramic 
beads, the distance of the nozzle tip to the surface of the reaction column was 
varied.  First, the droplet adhered to the nozzle and when gravitational forces 
exceeded the adhesion force, the droplet was pulled down and it was released 
from the tip.  During the falling action of the droplet, it became spherical and once 
it reached the surface of the reacting solution, it retained its shape.  The bead 
could either retain its spherical shape or deform during the process.  It was 
observed that the drop height distance needed to obtain spherical ceramic beads 
(Fig. 2.10(a)) for a 50 wt% alumina slurry was approximately 3 cm.   
In addition, it was observed that when there was an impact to the ceramic 
bead falling from different heights, oval and flat-type beads could result.  For 
instance, when the distance of the nozzle tip to the reaction column was below 3 
cm, the ceramic beads had an oval-type shape as seen in Fig. 2.10(b).  The oval-
type ceramic beads occurred because the droplet that was formed in the nozzle 
was in too close of a contact range with the surface of the reacting solution.  As 
the droplet grew in size and was released from the tip, it retained its oval shape 
and did not have enough falling time to become spherical.   
On the other hand, when the distance from the nozzle tip to the surface of the 
reaction column was greater than 3 cm, the ceramic bead had a flat-type shape 
as shown in Fig. 2.10(c).  It was observed that as the distance from the nozzle tip 
to the reacting solution surface increased, the impact deformation of the bead 
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also increased. Table 2.1 summarizes the different parameters that were varied 
to obtain spherical, oval, and flat-type alumina beads, respectively. 
 
2.3.4 Surface Tension of the Reaction Column 
After an attempt to produce spherical ceramic bead droplets from any given 
height, it was decided to tune the surface tension of the reacting solution so that 
at a given distance, one could still produce spherical beads.  It was understood 
that surface tension in the reacting solution formed due to the difference in 
intermolecular attraction at the surface and the interior of the reacting liquid.  At 
the surface of the reaction column, all molecules are attracted inward and, at the 
interior of the reaction column, the attraction is the same in all directions.  
  In this experiment, a small amount of ethanol was used to reduce the surface 
tension of the reacting solution, which also reduced deformation upon impact.   
Figure 2.11 shows that by adding small amounts of ethanol to the reacting 
solution, its surface tension decreased.  It was also observed during 
experimentation that 20 to 40 vol% of ethanol added to the reacting solution 
helped to dramatically minimize any deformation of the beads during impact with 
the surface of the reacting solution.   
 
2.3.5 Height of the Reaction Column  
The height of the reaction column was considered when developing the bead 
forming equipment depicted in Fig. 2.2.  As predicted by the diffusion model for 
gelling of alginates developed by Gilson [43], 1 mm of material with 0.5 wt% 
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alginate gelled in less than 3 seconds. Considering this given parameter, it was 
predicted, based on Equation 2.10, that the minimum height of the reaction 
column to make 1 mm ceramic beads with 10 wt% of calcium chloride was 
approximately 50 cm.  Figure 2.12 compares the height of the reaction column as 
a function of the diameter of the ceramic beads for different concentrations of 
calcium chloride, ranging from 5 to 40 wt% of the reacting solution.  The results 
of the inductively coupled plasma analysis after gelling and after synthesis are 
summarized in Table 2.2. 
As expected, after gelation (ion exchange between Na+ and Ca2+), the green 
body beads contained less than 0.5 wt% of sodium.  The initial amount added 
during the slurry preparation was 0.5 wt% of sodium alginate.  In the case of 
calcium, the green body beads had ~2.98 wt% and retained 5.53 wt% chlorine.  
After the green body ceramic beads were formed, they were rinsed with distilled 
water and dried for 24 hours.  Table 2.2 shows that after the ceramic beads were 
calcined at 700 oC for 1 hour and sintered at 1650 oC for 5 hours, the amount of 
sodium and calcium was reduced to 0.001 wt% for Na+ and 0.093 wt% for Ca2+, 
respectively.  In addition, traces of chloride were not found in the sintered beads.  
The TGA plot in Fig. 2.13 confirmed the percent of mass loss that was found by 
ICP.  
Thermogravimetric analysis confirmed that there was approximately ~8 % of 
mass loss after decomposition of the organic materials.  Figure 2.13 also reveals 
two onset temperatures of decomposition.  Similar results were observed in three 
different batches of gelled beads (green bodies).  The first onset was due to the 
	   39	  
loss of water and the second onset was due to the decomposition/reaction of 
some elements (Na+ and Ca2+).  In addition, Fig. 2.14 shows that the SEM 
micrographs of gelled beads (green body) did not show any visual anisotropic 
microstructure in the samples. 
 
2.3.6 Mechanical Testing and Characterization 
Table 2.3 summarizes compressive loads of tested samples; as the sintering 
temperature of the samples increased, the density (g/cm3) and the compressive 
load (N) also increased.  The samples sintered at 1650 oC for 5 hours had a 
breaking force of 1658 + 121 N, which was 69.9% higher than the samples 
sintered at 1600 oC for 5 hours.   Similarly, the percent density from samples 
sintered at 1600 oC for 5 hours to samples sintered at 1600 oC for 5 hours 
increased dramatically by 12.9%.  SEM micrographs of the fractured samples 
shown in Fig. 2.14 (b) to Fig. 2.14 (f) indicate the grain size and sample porosity 
per sample condition.  However, the sample (Fig. 2.15) that was sintered at 
1650oC for 5 hours exhibited a unique microstructure having a bimodal 
distribution, particles of spheres and having a needle-like shape.  A similar type 
of structure was reported in the literature [44; 45; 46], in which the authors used 
0.1 wt% to 5 wt% of calcium to induce densification.   ICP data of the gelled bead 
showed that our systems had a 3.98 wt% of calcium after gelation.  This unique 
microstructure shown in Fig. 2.15 gave a higher compressive strength compared 
to the samples sintered at lower conditions. 
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2.4 CONCLUSION 
The sol-gel dripping method together with sodium alginate (sacrificial 
template) proved to be an effective method to produce alumina beads having a 
desired size, shape, and microstructure.  The bead forming equipment produced 
large quantities of beads with consistent properties.  During the process, slurries 
of alumina with sodium alginate were stabilized against flocculation as a function 
of pH.  The viscosity of the alumina slurries for various wt% was measured.  It 
was found that the alumina/alginate slurry was stabilized at pH between 7-10. 
The viscosity of the slurries exhibited shear-thinning behavior.  In addition, the 
minimum height above the reaction column for a given concentration of calcium 
chloride at a specific alumina wt% content was predicted.  The droplet formation 
at the nozzle was observed, including: initial stage, drop growth, neck formation, 
and falling of the droplet. The parameters that influenced the sphericity of the 
beads made from a 50 wt% alumina suspension included the following: 
• The viscosity of the slurry should be below 0.3 Pa•s. 
• The surface tension of the reacting solution should be below 50 mN/m. 
• The distance of the nozzle tip above the reacting solution surface should 
be approximately 3 cm. 
Furthermore, experiments could produce differently shaped beads, such as 
oval and flat.  Flat, oblate spheroidal-type beads were obtained when the 
distance of the nozzle tip to the surface of the reacting solution was more than 3 
cm and the reacting solution surface tension was higher than 50 mN/m.  The 
oval, prolate spheroidal-type beads were obtained when the distance from the 
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nozzle tip to the reacting solution was too short and the viscosity of the solution 
was too high above 0.3 Pa•s.  In addition, ion exchanged during gelation made 
the beads sample retain calcium and chloride.  This was confirmed by ICP 
analysis of the gelled beads and by TGA studies (mass loss) of the material.  In 
addition, the SEM images revealed unique needle-like shaped microstructures 
that provided samples with ~99% theoretical density and high compressive load.  
This process has the potential of producing beads for understanding stress-wave 
propagation of granular media.	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2.5 FIGURES 	  
 
Figure 2.1 Linear chemical structure of alginate [41] 
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Figure 2.2 Bead forming equipment parts: (a) slurry stirrer, (b) slurry 
transportation pump, (c) intravenous tubing for ethanol, (d) nozzle and nozzle 
position controller, (e) dropping column, (f) manual valve, (g) metallic filter 
net, and (h) collection container.  The equipment was designed and built by 
Cenotec Co. LTD (www.cenotec.com) 
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Figure 2.3 Forces acting on a droplet 
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Figure 2.4 Sedimentation of alumina/alginate slurries as a function of pH 
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Figure 2.5 Viscosity of alumina/alginate slurry as a function of shear rate for 
various wt% of alumina content 
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Figure 2.6 Viscosity of alumina/alginate slurry as a function of wt% of alumina 
content, at a shear rate of 100 s-1 
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Figure 2.7 Bead diameter as a function of nozzle inner-diameter for various 
flow rates 
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Figure 2.8 Bead diameter as a function of slurry velocity for nozzle size with 
1.83 mm OD and 1.54 ID.  Olive is they color of the tip provided by Nordson 
(Nordson EFD, East Providence, RI) 
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Figure 2.9 Stages of droplet formation as seen from optical recording 
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Figure 2.10 Micrographs images of (a) semi-rigid spherical beads obtained at 
optimum height of the nozzle tips above the reacting solution, (b) semi-rigid 
oval ceramic beads resulting from less than the optimum height of nozzle tip 
above the reacting solution, (c) semi-rigid flat, oblate spheroidal ceramic 
beads resulting from a drop-height greater than the optimum for spherical 
beads 
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Figure 2.11 Surface tension of CaCl2 as a function of vol% of added ethanol 
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Figure 2.12 Predicted minimum height for effective reaction of the green ceramic 
beads 
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Figure 2.13 Thermogravimetric analysis of alumina alginated bead (green 
body) 
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Figure 2.14 SEM image of the microstructure of (a) gelled alumina bead, (b) 
sintered alumina bead at 1400 oC for 5 hours, (c) sintered alumina bead at 
1450 oC for 5 hours, (d) sintered alumina bead at 1500 oC for 5 hours 
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Figure 2.14, cont. SEM image of the microstructure of (e) sintered alumina 
bead at 1550 oC for 5 hours, (f) sintered alumina bead at1600 oC for 5 hours 
 
 
 
 
	   57	  
 
 
Figure 2.15 SEM image of the microstructure of the sample sintered at 1650 
oC for 5 hours, showing the needle-like shaped microstructure and some 
platelets   
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2.6 TABLES 
 
Table 2.1 Variations of Alumina Beads as a Function of Parameters 
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Table 2.2 Inductively Coupled Plasma (ICP) Analysis of Gelled and Sintered 
Samples 
 
Element Found after 
gelation (wt%) 
Found after 
sintering (wt%) 
Na+ 0.105 0.001 
Ca2+ 3.98 0.093 
Cl- 5.53 0 
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Table 2.3 Properties of Alumina Sintered Beads 
 
 
 
a(grain size for sphere-like shape) 
b(grain size for needle-like shape, transverse diameter) 
c(grain size for needle-like shape, conjugate diameter) 
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CHAPTER 3 
ALUMINA BEADS BY THE VIBRATION METHOD 
 
3.1 INTRODUCTION 
Early work by Hertz [5] to understand the contact interaction between 
granular media motivated a series of publications [16, 20, 73] focusing on 
theoretical and numerical predictions.  The problem was extended to 1D granular 
chains to observe the formation of solitary waves and it was found that solitary 
waves occur when five or more beads are in contact [7, 14].  Although, some 
experimental work [21, 38] was conducted to understand the stress wave 
propagation in granular media, a limitation [18] to further the research was 
present due to the limited amount of choices in terms of bead size and bead 
composition.  
In terms of bead size, forming methods such as single and multiple needle 
systems, [49, 50, 74] rotating atomizer for viscous liquids, [47] perforated plates, 
[48] nozzle mounted in a rotated cylinder, [51] [52] rotating disc atomization [54] 
and electrostatic dripping [55, 57]; [58] were explored to make ceramic beads. 
However, these methods only produce beads with diameters below 5 mm [60, 
63, 64, 74-76]. 
This motivated our team to design a new processing technique to make 
ceramic beads using a modified version of the vibration molding method.  The 
colloidal vibration molding method was previously introduced by Franks et al.  
[77] where it was demonstrated that saturated ceramic paste, consolidated by 
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either centrifugation or pressure filtration, could be fluidized by vibration and 
made to flow into a die to produce complex green body shapes [77-80].  Though 
this approach was successful in producing complex shapes, information about 
producing spherical beads using this technique has not been reported in the 
current literature [77, 81-83].  
A modified version of the colloidal vibration molding method was introduced in 
our labs to produce ceramic beads ranging from 0.5 mm to 3 cm in diameter.  
During an attempted slip casting using a plaster of Paris mold, [84, 85] it was 
observed that small bits of solution had dripped directly onto the vibrating table 
being used to vibrate the alumina mixture into the mold.  When this occurred, the 
small drops of alumina solution spontaneously formed themselves into small 
spheres.  
The vibration kept the material sufficiently soft enough to deform and hard 
enough to cause the spheres to bounce around randomly, helping to round them 
out. As the beads slowly dried, they retained their spherical shape.  In an effort to 
improve the quality and reproducibility of alumina beads, processing parameters 
were optimized to the original forming process.  Therefore, in this chapter it 
demonstrated how different parameters such as the slurry formulation and 
processing variables on paste rheology affect the formation of the alumina 
beads.  More specifically, the work focuses on: 
I. Optimizing the alumina slurry formulation by changing the amount of 
binder. 
II. Evaluating the rheological behavior of the paste to understand the bead 
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evolution from non-spherical to spherical shape.  
III. Standardizing the vibration process to make beads with reproducibly.  
IV. Evaluating the performance of the alumina beads in terms of breaking 
force and number of rotating cycles. 
 
3.2 EXPERIMENTAL PROCEDURES 
The experimental procedure to make alumina beads involves four main steps: 
preparation of the slurry, drying of the slurry, formation of the paste, and 
calcination/sintering of the beads as shown in Fig. 3.1. 
 
3.2.1 Materials  
The experimental procedure to make ceramic beads started with the 
procurement of alumina powder (A 152 SG Almatis Premium Alumina, Bauxite, 
AR) with particle size of 1.2 µm and surface area 4.3 m2/g, polyvinyl alcohol 
(PVA) binder, 80% hydrolyzed with MW = 9,000-10,000, (PVA binder, Sigma-
Aldrich, Saint Louis, MO), and D-3005 dispersant (Rohm and Haas, Philadelphia, 
PA).  
 
3.2.2 Preparation of Alumina Paste  
An alumina slurry was prepared in two steps.  Firstly, 55 vol% (82 wt%) of 
alumina powder was dispersed in 45 vol% (17.3 wt%) distilled water using a 0.8 
wt% of ammonium salt dispersant (Duramax 3005) and was mixed for 15 
minutes with a magnetic stirrer.  All of the additives in the suspension, which 
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included the dispersant and binder, were measured as a function of wt% alumina 
added. Secondly, 0.1, 0.3, and 0.5 wt% of PVA binder was added to the alumina 
suspension using a magnetic stirrer plate at room temperature for a period of 30 
minutes, or until all of the binder was fully dissolved in the suspension.  The 
prepared slurry was poured onto a slip-casting platform for partial dehydration 
before forming. The partial dehydration process of the alumina slurry created 
alumina paste with ~9 wt% water content.  Table 3.1 shows an example of the 
slurry formulation before and after dehydration.  It is important to clarify that after 
partial removal of the water, the alumina slurry becomes a paste.  The moisture 
in the alumina slurry was measured by recording the weight before and after the 
slurries were poured onto the slip-casting platform.   
 
3.2.3 Rheology of the Alumina Slurry  
The rheological behavior of the suspensions was analyzed to gain an insight 
into the slurry characteristics, which eventually help obtain reproducible, 
consistent behavior.  The rheological behavior of the suspensions was measured 
with a controlled stress (CS) rheometer (CS10, Bohlin Gemini, Worcestershire, 
UK), in which the apparent viscosity was measured as a function of shear rate.  
The controlled stress rheometer was fitted in a concentric cylindrical geometry 
(CS 25, Bohlin Gemini, Worcestershire, UK) and measurements were made over 
stress ranges of 0.1 to 4 Pa with shear rates from 0 to 100 s-1, in ascending 
order. 
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3.2.4 Rheology of the Alumina Paste  
The rheological behavior of the alumina paste was measured to evaluate the 
material response and to gain a better understanding of the bead forming 
evolution.  In order to probe the viscoelastic properties, alumina paste samples 
were subjected to oscillatory shear deformation with an AR-G2 rheometer.  A 40 
mm diameter, parallel plate geometry was used for all testing. Temperature was 
controlled at 25 oC via a Peltier plate. Adhesive-backed 600 grit sandpaper was 
attached to the parallel plate and Peltier plate to minimize slip.  
The alumina paste was poured on to the bottom plate and the top plate was 
lowered to make contact with the sample. The top plate was then slowly lowered 
to the trim gap while being slowly rotated by hand so that the sample would 
completely fill the gap.  Once the sample was properly trimmed, a solvent trap 
with distilled water was loaded over the top plate to prevent evaporation from the 
sample. After sample loading was complete, a shear stress of 100 Pa was 
applied for 120 seconds to the sample, which was then allowed to relax for 30 
seconds to reset the deformation history.  
To identify the range of strains for which a linear viscoelastic response will be 
observed, strain sweeps were performed at the highest frequency sweep.  The 
frequency sweep was then performed at a strain, which fell within the linear 
viscoelastic regime.  Shear creep and recovery experiments were also performed 
using the same experimental setup to determine the steady state viscosity as 
well as the recovery response.  After the loading procedure, a particular shear 
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stress was applied for 120 seconds after which the strain recovery was recorded 
for 30 seconds. 
 
3.2.5 Fabrication of Spherical Green Bodies 
The alumina paste was kneaded into putty.  The putty was then placed on the 
vibrating table and a series of dividers were used to contain individual pastes to 
keep them from sticking together and also to make a large quantity of beads 
simultaneously (Fig. 3.2).  The divider matrix was moved in a circular motion 
throughout the process until the spheres were firm enough to hold their shape. 
The beads were rolled around on the vibrating table for about 5 minutes, or until 
they achieved handling strength.  
 
3.2.6 Calcination and Sintering 
Calcination (thermal treatment process) was conducted on the green bodies 
(beads) to remove the unwanted organic materials that were introduced during 
the forming process of the beads.  Thermogravimetric analysis (TGA) using a 
Netzsch STA 409 CD (Netzsch Instruments, Selb, Germany) was conducted to 
observe the water evolution and decomposition of the organic materials during 
the calcination stage.  These studies were conducted in a temperature ranging 
from 25 °C to 800 °C at 10 °C/min for heating and cooling.  As a result, 
calcination was conducted at 700 ºC for 1 hr with heating of 0.5 ºC/min and 
cooling down of 5 ºC/min because lower heating and cooling rates helped with 
avoiding thermal shock during the thermal treatment process.   
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 Sintering was conducted to fuse the particles and create a solid ceramic 
body [86].  During the process, the atoms in the material diffuse across the grain 
boundary of the particles [86].  Sintering in the alumina beads was conducted at 
temperatures ranging from 1400 oC to 1650 °C for 4 hours.  A constant time with 
increasing temperature during sintering was selected to optimize the sintering 
process of the beads and to observe the changes in density and microstructure 
evolution.  Optimal sintering conditions such the ones that will be discussed in 
this paper can enhance properties in the alumina beads resulting in higher 
density and strength [86].   
 
3.2.7 Characterization of the Alumina Beads 
The density, breaking force, and number of rotating cycles with microstructure 
analysis were used to analyze the mechanical properties and performance of the 
beads.   
First, the density of each sample was measured following the Archimedes 
method [87].  In addition, the micrographs of the microstructure of the ceramic 
beads were observed to confirm the density measurements.  Images were taken 
with a scanning electron microscope (JSM-6060LV, JEOL USA, Inc., Peabody, 
MA) using excitation energy of 20 kV.  Prior to imaging, the samples were Au–Pd 
sputter-coated for 25 seconds to prevent charging on the specimens.  In addition, 
the breaking force of the alumina beads was measured on a universal testing 
machine (Model 4502, Instron Corp., Canton, Mass.) at a crosshead speed of 50 
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N/min. A total of 5 beads per sample condition were analyzed under 
compression.  
In addition, comminution of the ceramic beads was performed to observe the 
loss of material and reduction of the bead diameter as the number of rotating 
cycles was increased.  This test will provide more information (mass and 
diameter wear rate) about the duration of the sintered alumina beads prepared 
by the vibration method.  Friction between the alumina beads during ball milling 
causes wear in the material when the beads are rolling and sliding over each 
other [88, 89].. The test was conducted for one month at 220 rpm and a total of 
32 sintered beads were measured at different time intervals.  The mass wear rate 
(Ωt) was evaluated based on the linear wear theory, where gradual consumption 
process is taken place by grinding beads inside a tumbler.  The mass wear rate 
(Ωt) in the ceramic beads was calculated using Equation 3.1. 
Ω! = ! !!! ! = −!!!! 
Equation 3.1 
where ! !!! !  is the mass wear rate as a function of time, Ab is the exposed ball 
area, and Km is the mass rate constant of the bead. 
Similarly, the diameter wear rate ! !! !  in the ceramic beads was calculated 
using Equation 3.2. ! !! ! = −2 !!!! =   −!! 
Equation 3.2 
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Where ρb is the ceramic bead density and Kd is the wear rate constant of the 
bead. 
As a last characterization step, the eccentricity of the ceramic beads was 
measured.  The eccentricity [90] is associated with how much something 
deviates from being circular.  The eccentricity of the ceramic beads was 
measured in the xy, xz, and yz planes using Equation 3.3.  
1− !!!! 
Equation 3.3 
where a and b are the radius in any plane of the alumina bead.  When the result 
of Equation 3.3 is 0, the plane is circular.  However, when the result of Equation 
3.3 is 1, the plane is an ellipse.  The three dimensional construction of the three 
planes measured in the xy, xz, and yz give either a perfect sphere or an ellipsoid.  
Equation 3.4 provides the graphical representation of the ellipsoid. !!!! + !!!! + !!!! = 1 
Equation 3.4 
Based on Equation 3.4, any of the bead geometry types can result: a sphere 
is when radius a=b=c, an oblate ellipsoid is when radius a=b>c, a prolate 
ellipsoid is when radius a=b<c, and a tri-axial or scalene ellipsoid is when a>b>c. 
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3.3 RESULTS AND DISCUSSION 
3.3.1 Formation of Green Bodies 
One of the advantages of the bead forming method is the ability to recycle the 
dry material, so this method is environmentally friendly because it requires only a 
small amount of binder and dispersant.  The original formulation previously used 
for slip casting was modified by changing the amount of binder added to the 
suspension.  To improve the formulation, three different amounts of PVA binder 
were used: 0.1, 0.2, and 0.5 wt% of PVA.  To observe the variation in terms of 
rheology, viscosity measurements were performed in each suspension.  It was 
observed that by increasing the amount of binder, the viscosity increased as 
shown in Fig. 3.3.  All the three suspensions showed shear thinning behavior 
until they reached a critical shear rate (1/s) value.  
To test each formulation, all of the alumina slurries went through the same 
dehydration process (water removal). Through physical observations of the 
alumina paste when exposed to the vibrating table, the following were recalled: 
(a) with 0.1 wt% PVA binder, the spherical green bodies did not hold their shape 
well enough; (b) with 0.5 wt% PVA binder, the alumina paste did not flow and the 
texture of the paste was too sticky; (c) with 0.2 wt% PVA binder, the spherical 
green bodies retained their shape and they had good flowability when the 
intensity of the vibrating table was increased; (d) the paste that was dried was 
recycled for new batches.  In addition, samples with 0.2 wt% PVA binder were 
good for making green bodies with semi smooth surface.  Having, a smooth 
surface in the green bodies helps to measure the green body density.  The rest 
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of the experiments in this paper was conducted using an alumina paste with 0.2 
wt% PVA binder. 
 
3.3.2 Rheology of the Alumina Paste 
Although high quality ceramic green (body) beads were formed with the 
modified vibration molding method, an important aspect of the research was 
focused on understanding the type of rheology required to induce roundness in 
the alumina paste.  The first observation while forming the beads was that the 
alumina paste required flowability under applied stress.  Second, the alumina 
paste needed to be moldable, but with the ability to retain its shape.  During the 
forming process, shear thickening at high stress was also observed.  Previous 
literature report shear thickening in high loading slurries [91].  However, it was 
unclear whether the formation of green body beads was purely dependent on a 
specific type of rheological behavior during the formation process.  To 
understand the forming process of the green body beads in detail and to discover 
the rheological fingerprint of the alumina paste, several oscillatory, shear creep, 
and recovery measurements were conducted. 
 
3.3.3 Oscillatory Measurements 
During oscillatory measurements, strain sweeps demonstrated that on time 
scales of ten seconds or less, alumina paste with 0.2 wt% PVA is a viscoelastic 
solid with non-linear softening upon the application of large strains or stresses.  
Figure 3.4 shows the results of strain sweeps performed at frequencies of 10 
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rad/s. Due to the material sensitivity to water content, there was much difficulty in 
obtaining reproducible data. As such, it can be seen that across multiple 
samples, the linear viscoelastic moduli may vary up to an order of magnitude, 
and tan(delta) may vary by up to a half order of magnitude. Where tan(delta) is 
G”/G’.  
However in the linear viscoelastic regime of small strains, (1) the elastic 
storage modulus, G’, always dominated the viscous loss modulus, G’’, and (2) 
tan(delta), the ratio of G’’ to G’, was always less than 1 and as low as 0.1.  The 
results of frequency sweeps performed at a strain amplitude of 0.1% can be seen 
in Figure 3.5. The sample shows a weak frequency dependence with slightly 
lower moduli at lower frequencies and slightly higher tan(delta) at lower 
frequencies; no crossover frequency was observed.  During the bead formation 
process, the frequency of impact was found to be approximately 60 rad/s.  This 
frequency fell within the tested range, indicating that during processing, the 
material was behaving as a viscoelastic solid.  Though the application of large 
strain amplitudes was limited due to system inertia, in the nonlinear regimes of all 
tested frequencies, both G’ and G’’ initially decreased. 
 
3.3.4 Shear Creep and Recovery 
The creep and recovery responses of alumina paste containing 0.2 wt% PVA 
are shown in Figure 3.6 for shear stresses of 100 and 10 Pa.  Here it can be 
seen that the nonlinear response was predominantly plastic, as there was little 
recovery of the accumulated strain.  For stresses in the range of 10 to 1000 Pa 
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on time scales of the order of 10 s, the maximum recovery compliance was 
always less than 1%. Responses within the linear regime could not be verified 
with creep tests due to poor reproducibility (water evaporation). 
The steady state viscosity data for stresses in the range of 10 to 1000 Pa can 
be seen in Fig. 3.7.  Within this range, shear thickening was observed as the 
steady state viscosity increased by a factor of 100.  Although the material 
displayed shear thickening, it was unclear how important this was to enabling 
bead processing; the more important response for processing was o be a 
viscoelastic solid on the relevant timescales to inhibit flow and behaving as a 
nonlinear plastic material exhibiting limited strain recovery. 
 
3.3.5 Calcination and Sintering of Beads 
Thermal analysis for calcination and sintering of the beads were conducted: 
First, TGA results confirmed that there was an initial ~9 % weight loss decrease 
at 100 ºC corresponding to the evolution of H2O. This large amount of mass loss 
was due to the entrapped water within the outer dry shell of the green body.  A 
~2% at 425 ºC mass loss was also observed, which corresponded to the burnout 
of the binder, dispersant, and any other organics (Fig 3.8).  The calcination was 
carried out at 700 ºC for 1 hour to complete decomposition of all volatile matter 
[92].  A slow calcination rate of 0.5 ºC/min during calcination prevented thermal 
shock when the evaporation of the volatile matter occurred [92]. 
During sintering, the ramp up rate was increased to 5 ºC/min and the samples 
were sintered at various temperatures from 1400 ºC to 1650 ºC with increments 
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of 50 ºC to induce densification.  The samples sintered at 1400 ºC/ 4 hours gave 
a density of 3.25 + 0.14 g/cm3, but when the samples were sintered at 1650 ºC/ 4 
hours, the density was 3.78 + 0.06 g/cm3.  There was a 14 % increase in density 
when the temperature was incremented by 250 ºC.  To visually corroborate these 
results, the micrographs using the SEM micrographs (Fig. 3.9(a)) reveal the 
porosity network of samples sintered at 1400 ºC/ 4 hours.  Moreover, when 
looking at the average grain size of the samples sintered 1400 ºC/ 4 hours, two 
different features in the microstructure were observed: large agglomeration of 
grains (~20 µm in size) and small grains ranging between 1-3 µm in size with a 
dense network of porosity (Fig. 9(b)). In the opposite case, where the samples 
were sintered at 1650 oC for 4 hours, the microstructure revealed large grains (x 
> 20 µm in size) and few a large pores with ~15 µm in size. 
   
3.3.6 Characterization of the Alumina Beads 
The samples (five beads were measured and tested per condition) sintered at 
1650 oC for 4 hours had a compressive load of 3954 + 93 N, which was 71.6 % 
higher than the samples sintered at 1400 oC/4 hours.  Table 3.2 summarizes 
breaking force, density, and bead diameters of tested samples.   
The comminution results as a function of milling time provided more 
information (i.e. mass and diameter wear rate) on the performance of the alumina 
beads.  Figure 3.10 shows the bead diameter reduction and bead weight loss 
due to the milling of the beads.  The slopes in Fig. 3.10 are the diameter ! !!! !  
and mass ! !!! !  wear rate from Equation 3.1 and 3.2.  
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  In addition, Fig. 3.10 shows the three different stages of the alumina beads 
when they were exposed to longer milling time at a fixed 220 rpm.  During the 
first stage, the rotating motion refined the surface of the beads; this step was 
considered as a refinement step to improve the finishing of the beads.  The first 
stage occurred within the first 50 hours of milling time and the average bead 
diameter was reduced by 0.7%.  During the second stage, the average bead 
diameter remained constant without wear/erosion. The second stage happened 
between 50-300 hours of milling time.  The third stage occurred between 300 to 
750 hours of milling time; beads at this point experienced excessive material loss 
that resulted in the misshaping or fracturing of the alumina beads, similar 
observation was obtained in the literature [93].  Knowing the slopes of each plot 
allowed calculation of the mass (Km) and diameter wear (Kd) rate constants for 
the alumina beads.  Fig 3.11(a) and Fig 3.11(b) shows the mass and diameter 
rate constant that calculated using Equation 3.1 and Equation 3.2. 
As the final characterization step, the eccentricity using Equation 3.3 was 
calculated in the xy, xz, and yz planes.  The data was divided into four groups 
based on the bead diameter.  It was found that in all the planes for the four 
diameter groups, the eccentricity was below 0.07.  Having an eccentricity below 
0.07 indicates the alumina beads could be produced by the vibration method, 
which are spherical (Fig. 3.12).  In addition, Table 3.3 shows the distribution of 
the sphere-like type of beads measured. 
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3.4 CONCLUSION 
The vibration method proved to be effective in producing alumina beads 
having tailorable size (Fig. 3.12) and shape (i.e. oblate, prolate, and tri-axial 
ellipsoid). The best slurry composition to make alumina beads was with 0.2 wt% 
with a PVA binder.  After the removal of water during the dehydration step, the 
composition changed to a workable paste with ~9 wt% water content.  Through 
an understanding of the rheology, it was found that an alumina slurry with 0.2 
wt% PVA binder exhibited shear thinning behavior.  In addition, characterization 
of the alumina paste indicated that the alumina paste acted as a viscoelastic 
solid with nonlinear softening upon the application of large stress or strain.  In the 
linear viscoelastic regime of small strains, the elastic storage modulus, G’, 
always dominated the viscous loss modulus, G”, when no crossover frequency 
was observed.  Furthermore, it was found that the frequency of impact (60 rad/s) 
fell within the tested range of the alumina paste.  Furthermore for shear stress of 
100 to 10 Pa, the nonlinear response was predominantly plastic as there was 
little recovery of the accumulated strain.  For stresses in the range of 10 to 1000 
Pa, the maximum recovery compliance was always less than 1%. Based on the 
thermal treatment process, the optimum conditions were 700 oC/1 hour for 
calcination and 1650 oC/4hrs for sintering where the density was 97% of 
theoretical value and the load of the alumina beads were ~3954 + 93 N.  
Furthermore, the refinement step provided more insight into the mechanical 
performance of the alumina beads.  The three stages under longer milling times 
reveal that during the first 50 hours, the bead diameter was reduced by 0.7%; 
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during the second stage, the diameter remained constant; and during the third 
stage the alumina bead either fractured or became misshapen.  Thus a 
processing method for making ceramic beads larger than 5 mm in diameter has 
been developed.  
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3.5 FIGURES 
 
 
 
Figure 3.1 Bead forming process showing the four main steps (mixing, drying, 
forming, and calcination/sintering) to make alumina beads 
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Figure 3.2 Experimental setup to make alumina beads 
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Figure 3.3 Viscosity as a function of shear rate of alumina slurries with 0.1, 0.2, 
and 0.5 wt% polyvinyl alcohol (PVA) binder 
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Figure 3.4 Strain amplitude sweep of the alumina paste with 0.2 wt% PVA binder 
at 10 rad/s 
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 Figure 3.5 Frequency sweep of the alumina paste with 0.2 wt% PVA binder at 
0.1% strain amplitude 
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Figure 3.6 The nonlinear creep recovery of the alumina paste 0.2 wt% PVA 
binder at 100 Pa (top image) and 10 Pa (bottom image) 
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Figure 3.7 Shear thickening in steady shear of the alumina paste with 0.2 wt% 
PVA binder.  Inconclusive measurements were obtained from 1-10 Pa and shear 
thickening behavior was observed from 10-1000 Pa 
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Figure 3.8 Thermogravimetric analysis of alumina slurry with with 0.2 wt% PVA 
showing 10 % weight loss from  25-100 oC and 1.1 % weight loss from  
100-300 oC 
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Figure 3.9 SEM micrographs of the microstructure of alumina beads sintered 
for 4 hours at (a) 1400 oC and (b) 1650 oC. 
!"#
$"#
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Figure 3.10  Diameter and weight profiles of the alumina beads as a function of 
milling time, with the first (0-50 hours), second (50-300 hours), and third (300-800 
hours) stages of the bead evolution over milling time    
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Figure 3.11 The mass and diameter wear rate contact as a function of rotating 
cycles for alumina beads sintered at 1650 oC/4 hours 
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3.6 TABLES 
Table 3.1 An Example of the Alumina Formulation Before and After Dehydration 
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Table 3.2 Properties of Alumina-Sintered Beads as a Function of Sintering 
Temperature 
 
Sintering 
Conditions 
 
Bulk 
density 
(g/cm3) 
 
 
Theoretical 
density (%) 
 
Bead diameter 
(mm) 
 
Compressive 
load (N) 
 
1400oC/4 h 
 
3.25 + 0.14 
 
83.4 
 
8.5 + 0.1 
 
1122 + 240 
 
1450oC/4 h 
 
3.31 + 0.15 
 
84.9 
 
8.5 + 0.08 
 
1712 + 300 
 
1500oC/4 h 
 
3.49 + 0.14 
 
89.4 
 
8.5+ 0.06 
 
2161 + 315 
 
1550oC/4 h 
 
3.60 + 0.08 
 
92.3 
 
8.5 + 0.08 
 
2716 + 79 
 
1600oC/4 h 
 
3.67 + 0.07 
 
94.1 
 
8.5 + 0.07 
 
3948 + 13 
 
1650oC/4 h 
 
3.78 + 0.06 
 
97.0 
 
8.5 + 0.08 
 
3954 + 93 
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Table 3.3 Selection of the Type of Ellipsoid for the Alumina Beads Based on 
Their Radius in the xy, xz, and yz Planes 
Tri-axial or 
scalene 
ellipsoid 
(a>b>c) 
Oblate 
Ellipsoid 
(a=b>c) 
Prolate ellipsoid 
(a=b<c) 
Sphere 
(a=b=c) 
53.6% 25.0% 25.4% 0 
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CHAPTER 4 
ALUMINA/EPOXY LAMINATED COMPOSITES 
 
4.1 INTRODUCTION 
The first reported use of alumina ceramic in armor applications dates back to 
the early 1960s during the Vietnam War when alumina tile, approximately ~8.5 
mm thick, was bonded to fiberglass-reinforced plastic.  This composite was used 
in helicopter armor and personnel armor systems [94].  Since then, many efforts 
related to armor systems have focused on new ceramic components with 
improved properties.  Several techniques have been developed to investigate the 
dynamic impact on ceramic laminated systems [95, 96]; [97, 98]. 
For example, the Split Modified Hopkinson Pressure Bar (SHPB) 
arrangement is widely employed to investigate the high strain rate deformation 
behavior in various material groups such as polymers, metalls or bulk ceramics. 
However, in the case of laminates using the SHPB, the dynamic studies mainly 
focus on using numerical/computational models rather than experimental ones.  
In comparison with the static mechanical behavior analysis, experimental 
approaches under high strain rates in laminated systems are limited mainly due 
to the difficulties associated with sample fabrication [99-101].  However, from 
available reports in polymeric laminated systems, the angle orientation seems to 
play an important role in the fracture mechanism. 
For instance, Ochoa et al. studied the strain rate sensitivity of 48 layers of 
cross-ply [0o/90o] carbon fiber reinforced polymer (CFRP) and glass fiber 
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reinforced polymer (GFRP) cylindrical samples using the SHPB [99].  They found 
that as the strain rate was increased for both fiber-reinforced systems, the mode 
of failure also changed in both case [99].  Moreover, GFRP failed by 
delamination and interfacial separation [99].  In addition, they also found that 
epoxy was seen to be strain rate sensitive as well as having considerable 
recovery indicative of viscoelastic materials [99]. 
In metallic laminated systems, Jiang et al. measured the splitting tensile 
strength of 1:1 (Ti-Al3Ti layered) systems of cylindrical samples.  They reported 
that when metallic layered system (Ti-Al3Ti) were measured at the 0o (loaded 
parallel to the layers) and 90o (loaded perpendicular to the layers) orientations, 
the resulted splitting tensile strength were ~80 MPa and ~270 MPa, respectively 
[100].  This demonstrated that loading in the laminate at 90o degrees had a 
greater splitting tensile strength than at 0o degree orientation, due to the higher 
fracture toughness in the intermetallic (Ti) layers [100]. 
In the case of ceramic/ceramics laminated systems, Zeming et al. reported on 
the dynamic stress-strain relationships of rectangular laminated alumina with and 
without porous alumina interlayers [101].  They found that when the impact 
velocity was increased from 8.2 m/s to 19.1 m/s in the 1:1 alumina/porous 
alumina (60 vol% PPMA) sample, its yield stress increased by 60 % [101].   
So far in the case of ceramic/polymer systems, windows or windshields 
(ceramic and polymer laminates) [102, 103] have been extensively studied using 
the SHPB. [104, 105]  In contrast, to the best of our knowledge, there has been 
no previous work in the open literature on other laminated ceramic/polymer 
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structures measured by the SHPB.  The main advantage of a ceramic armor over 
the transparent glass armor is its protection capability against greater threats. 
Zaera et al. reported that the main material requirements for improved armor 
systems involved: (1) low density to reduce the total weight, (2) high shear and 
low moduli to prevent major deformations, (3) high yield stress to preserve the 
armor resistance to failure and (4) high dynamic tensile stress to avoid material 
rupture when tensile waves appear [106].  Since no one material (pure ceramic, 
metal or reinforced plastic) meets all the requirements, there is a great potential 
for ceramic/polymer composite systems for their stress wave mitigation 
characteristics [106-108] [109] 
  In our study, we first describe a way of fabricating an alumina/epoxy-layered 
system in a shape of a Brazilian disk.  Second, the SHPB combined with high-
speed camera was used to measure the transmitted force and record the in situ 
fracture process of the samples tested at 0o, 45o, and 90o, degrees.  Third, the 
results of the pure epoxy and laminated alumina samples were used to compare 
the results of the laminated alumina/epoxy samples. Lastly, we report on the 
influence of the layer orientation on the impact loading direction and post- 
mortem analysis. 
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4.2 EXPERIMENTAL PROCEDURES 
4.2.1 Preparation of Brazilian Disks 
In the alumina/epoxy-layered system, various steps involving the fabrication 
of dense alumina layers are explained in this section.  Alumina powder (A16SG, 
Almatis Premium Alumina, Bauxite, AR) with particle size of 0.4 µm and surface 
area of 8.9 m2/g was used in the experiment to make the alumina tapes.  An 
alumina suspension was prepared in two steps following the recipe provided by 
Polymer Innovation (Vista, California).  The recipe to make alumina tape 
contained the following additives: WB4101 (main binder) and DF002 (non-
silicone deformer). A 53.4 wt.% Al2O3 slurry was prepared with the appropriate 
concentrations of additives as shown in Table 4.1.  During the first stage, 
WB4101 and DF002 were added to the aqueous alumina slurry and the 
suspension was ball milled for 16 hours at 92 rpm.  During the second stage, 
WB4101 and DF002 were then added to the slurry, which was ball milled for 4 
additional hours at 92 rpm.  The alumina slurry was stabilized at pH greater than 
6.5 using a few drops of NaOH.  Finally, the alumina slurry was poured into a 
stationary doctor blade, which controls the thickness of the cast tapes.  
In addition, the conditions to make the alumina stacks (composed of 6 layers) 
were optimized first by optimizing the warm pressing condition in two stages. The 
warm pressed plates (top and bottom) were preheated to 70 oC for 10 minutes.  
Then, the green body stacks were warm pressed to 8 MPa for 10 minutes at  
70 oC.  Finally, the stacks were warm pressed to 35 MPa for 10 minutes at 70 oC.  
To determine calcination conditions, thermogravimetric analysis (TGA) was 
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conducted using a Netzsch STA 409 CD (Netzsch Instruments, Selb, Germany).  
These studies were performed in a temperature range from 25 °C to 800 °C, 
using 10 °C/min heating and cooling rates.  As a result, the alumina tapes were 
calcined at 800 ºC with a ramp up rates of 0.5 ºC/min and ramp down rates of 5 
ºC/min. After calcination, the tapes were sintered at 1500 ºC at 1 ºC/min (for 
heating) and 5 ºC/min (for cooling).   
After the alumina stacks (~1mm in thickness) were sintered, they were joined 
using epoxy resin (0.15-0.35 mm in thickness), making a ceramic-polymer 
laminated composite with dimensions of ~40 mm (height) x ~40 mm (length) x  
~30 mm (width).   Specimens were carefully drilled from the fabricated composite 
plate using a 25 mm diamond drill bit.  The laminated cylinders had a dimension 
of ~25 mm (diameter) x ~30 mm (thickness).  Several Brazilian disk specimens 
having dimensions of ~25mm (diameter) x ~3 mm (thickness) were cut from a 
laminated cylinder using a diamond blade.  Each specimen was polished all the 
way down to 9 µm using grinding diamond discs (Ultra Prep Metal Bonded 
Diamond Discs, Buelher An ITW Company, Lake Bluff, IL).  Figure 4.1 shows the 
process to make alumina/epoxy disks.   The laminated alumina disks were 
fabricated using similar warm pressing, calcination, and sintering conditions. 
Epoxy resin (Epoxy Loctile Quick Set, 1:1 Epoxy/Catalyst Henkel Corporation, 
Avon, OH) was used in this experiment to join the alumina laminates to make 
alumina/epoxy samples and to make the epoxy Brazilian disks.  To make the 
epoxy disk, a layer of releasing agent was applied to the surface of the mold to 
aid with the removal of the samples.  The epoxy resin was placed in a vacuum 
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pump until all the air bubbles were removed.  The epoxy resin and catalysis were 
mixed following the specifications of the manufacture.  The epoxy disks were 
cured at room temperature for 24 hours.   
 
4.2.2 Modified Split Hopkinson Pressure Bar 
A modified version of the Split Hopkinson Pressure Bar (SHPB) with a 
momentum trap was used to study the mechanical responses of laminated 
alumina, pure epoxy, and laminated alumina/epoxy (0o, 45o, and 90o) Brazilian 
disk specimens.  As shown in Fig. 4.2, the SHPB setup and Brazilian disk 
specimen were placed between the incident and transmitted bar.  The incident, 
transmitted, and striker bar are made from C350 maraging steel with dimensions 
of 12.7 mm in diameter and lengths of 3.048 m, 1.829 m, and 0.1524 m, 
respectively.  In addition, a lead pulse shaper was placed between the striker and 
the incident bar to control the incident pulse rise time and profile, which helps the 
specimen the specimen to better reach equilibrium during loading.  The 
measured voltage was first converted to equivalent voltage using Equation 4.1. 
!" =    !"!  !  !"   
Equation 4.1 
where MV is the measured voltage, EX is the excitation applied by the amplifier, 
and G is the gain applied by the amplifier.  The excitation voltage, EX, was 
applied at 15 volts with a gain, G, of 31.  During the dynamic testing, these two 
parameters were applied to the strain gauge signals to reduce the noise.  The 
Equivalent voltage (EV) was converted to strain, !(t) and was calculated by: 
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! =    4!"!"(1+ 2!") 
Equation 4.2 
where ! is the strain, GF is the gauge factor of the strain gauges (2.103). In 
addition, the transmitted strain (!t) is calculated by: !! =    !! + !! 
Equation 4.3 
where εi is the incident strain and εr is the reflected strain.  Then, the input and 
output forces were calculated by: !!"#$% = !!!(!! + !!) 
Equation 4.4 !!"#$ = !!!(!!) 
Equation 4.5 
where Ffront and Fback are the input and output forces in the sample, Ab is the 
cross sectional area of the bar, and E is Young modulus of the bar. 
In addition, a high-speed camera (FASTCAM, SA5 model 775k-M3, Tech 
Imaging, Salem, MA) was used to observe the fracture behavior of the Brazilian 
disk samples.  Each high-speed image corresponded to 10 µs of real time for the 
dynamic testing.  During the SHPB experiments, the high-speed camera was 
triggered when pressure gas was released.  The images were analyzed using a 
Photron FASTCAM viewer and correlated with their corresponding SHPB test. 
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4.2.3 Characterization of the Brazilian Disks 	  
The density of the disks was measured by following the Archimedes method 
(ASTM C373) [87].  Also, the density of the laminated composite was calculated 
using the rule of mixtures following the equation. !!"#$"%&'( = !!"#$%!!"#$% + !!"#$%&!!!"#$%&! 
Equation 4.6 
where ρcomposite is the calculated density of the laminated composite, ρepoxy is the 
measured bulk density of the epoxy, νepoxy is the volume fraction of the epoxy, 
ρalumina is density of the alumina layer, and νalumina is the volume fraction of the 
alumina layers.  The density by the Archimedes method was compared to the 
density found by the rule of mixtures. 
Furthermore, the thickness variation in the laminated disks was analyzed 
using a stereomicroscope camera (Leica MZ6 Stereomicroscope model 4.2, 
Leica Microsystems Inc, Buffalo, IL).  The laminated disks were illuminated by a 
light source (Light source box CAT 12-562-21, Fisher Scientific) to capture high 
contrast images.  In addition, the micrographs of the microstructure of the 
specimen were investigated using a scanning electron microscope, SEM, (JSM-
6060LV, JEOL USA, Inc., Peabody, MA) with excitation energy of 15 kV to 
observe the fracture after dynamic testing.  
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4.3 RESULTS AND DISCUSSION 
4.3.1 Processing of the Disk Samples 
The laminated alumina, epoxy and alumina/epoxy disks (Fig. 4.3) were 
fabricated and their results in terms of reproducibility are reported below.  The 
alumina green tapes had uniform thickness with smooth surfaces and were free 
of any visible micro cracks during the drying process.  In addition, the tapes were 
flexible and were easy to stack to make the Brazilian disks.   
To optimize the fabrication process of the alumina disk, the thermogravimetric 
analysis (TGA) was conducted on the tapes to confirm the mass loss after 
calcination.  It was found that there was ~12 wt% of mass loss due to water and 
burnout of organics.   The first onset was due to the loss of water and burned out 
of organics (~10 wt%) and the second onset is due to the decomposition of 
organic materials (~2 wt%).  Similar results were obtained by Sellappan et al. for 
the alumina tapes [110].   
The alumina laminates were calcined at 800 ºC with a ramp up at 0.5 ºC/min 
and ramp down at 1 ºC/min.  After calcination, the laminates were sintered at 
1500 ºC at 1 ºC/min (heating) and 1 ºC/min (cooling). After sintering, the sample 
yielded ~98% percent density with respect to the theoretical density for alumina.  
Also, the slow heating and cooling rate during sintering were selected to avoid 
thermal shock of the laminates.  Figure 4.4(a) shows the alumina laminated 
sample and its microstructure.  It was observed that the sample had uniform 
microstructure with an average grain size of  ~2.6 µm, ranging from 0.5-13.3 µm.  
In addition, the pore size in the alumina samples has a diameter between 0.2-1.6 
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µm.  After drilling, the sample had uniform in diameter (~25mm) and thickness 
(~3 mm).   
Similarly, the fabrication of the pure epoxy samples yielded disks with uniform 
dimension and microstructure. In case of the alumina/epoxy disks, the variation 
in the epoxy layers ranges from 0.1-0.4 mm in thickness (Table 4.2). In addition, 
Fig 4.4b shows an image of the microstructure of the alumina/epoxy laminated 
system.   
This microstructure was reproducible and consistent in the three different 
testing conditions (0o, 45o, and 90o).  Also, the adhesion between the alumina 
and epoxy layers demostrated fairly good bonding which wad necessary for the 
dynamic mechanical testing of the laminated system.  Similar work by Folsom et 
al. showed that their laminated alumina/carbon reinforced epoxy system had 
fairly good bonding which was necessary for their work since they were testing 
for interfacial strength using the flexural testing configuration [111].   
 Furthermore, laminated alumina/epoxy systems following the Archimedes 
method gave a density of 3.35 g/cm3 while the density by the rule of mixture gave 
a density of 3.43 g/cm3.  This variation of ~2.3 % in density was consistent with 
the difference in the epoxy layers of the laminated system.  
  
4.3.2 Dynamic Loading of Laminated Alumina, Epoxy and Alumina/Epoxy  
When alumina and epoxy composites have been assembled, the role of the 
alumina layer was to mitigate the impact through some type of deformation, while 
the epoxy layer absorbed part of the impact [98].  During the impact, 
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compressive waves were generated and once the waves reached the back face, 
tensile waves were reflected as observed through the signals during the SHPE 
experiments.  The voltages raw signals (incident, reflected, and transmitted) were 
converted to equivalent strain following Equation 4.1.  Then, the equivalent 
voltage was first converted to strain and lastly to force following Equations 4.2, 
4.3, 4.4, and 4.5.  Figures 4.5(a) shows the typical incident, reflected, and 
transmitted voltage signals for the 0o testing orientation for the alumina/epoxy 
laminate.  In addition, Fig. 4.5(b) shows the front and back for the 0o testing 
orientation of the alumina/epoxy laminates.  When the front and back forces are 
in agreement, this reflects an equilibrium state during the dynamic impact 
experiment.   
 
4.3.3 Testing Alumina/Epoxy Laminates at 0o Orientation 
In general, when the angular orientation of the laminated alumina/epoxy was 
tested at 0o, the force of the laminates increased until it reaches a high peak and 
then decreased.  For instance, the work presented by Sellappan et al. shows that 
for laminated alumina samples, a sudden drop in the force can be observed due 
the fracture of the disk that occurred because a defect in the laminated alumina 
disk was presented [110].  Figure 4.6a shows the reproducible transmitted force 
profile of the laminated aluminate/epoxy disks tested in the 0o orientation and 
epoxy disk. In the case of the laminated alumina disks (Fig. 4.6(a)), the samples 
had some variability in their transmitted force profile even though the same 
starting materials and fabrication techniques were used.  Furthermore, Fig 4.6(b) 
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shows one data set for each testing condition presented in Fig. 4.6(a).  Fig 4.6(b) 
make a comparison in terms of the transmitted force for the laminated 
alumina/epoxy, epoxy and laminated alumina disk samples.  The highest 
transmitted force for the laminated alumina/epoxy was observed between 8.5-13 
KN.  In contrast, the epoxy had the lowest transmitted force at ~0.5 KN because 
the epoxy material absorbed the impact through compressing the sample.  Once 
the applied force was released, the epoxy disk recovered to its original shape.  
The profile for the laminated alumina/epoxy disk was placed between the profile 
for the epoxy and laminated alumina disk. 
 Figure 4.7(a) shows the laminated alumina/epoxy transmitted force profile.  
Figure 4.7(b) shows high-speed images of the fracturing process corresponding 
to the points highlighted in Fig. 4.7(a).  The first image was at 0 µm, when the 
laminated alumina/epoxy disk was sandwiched between the incident and 
transmitted bar.  The second image at 40 µm shows the force/time profile as the 
disk was impacted.  The third image at 70 µm shows the first instant of visible 
crack initiation.  At this stage, about 58 % of the applied force was acting on the 
sample.  The fourth and fifth images in Figure 4.7(b) show the crack propagation 
along the interphase of the alumina and epoxy layer.  By the time the crack 
reached 120 µm, the overall compressive transmitted force reached its maximum 
value.  The sequential high images revealed that several cracks were formed 
once the compressive force reached its maximum valued.  Furthermore, once the 
stress waves reach the other end of the samples (from left to right), tensile waves 
are generated, destroying the sample into several pieces.  The last image in Fig. 
	   104	  
4.7(b) shows the fragmented pieces at 550 µs.  Similar fracturing patterns were 
observed for metallic-intermetallic laminates at the 0o orientation, where the 
crack initiated at the contact point.  The force/time profile and fracturing process 
for the alumina/epoxy laminates indicated that applied force was transmitted from 
the incident to the transmitted bar and that the transmitted force is dependent on 
the initial pressure of the striker.  Through dynamic testing of the laminate, the 
initial applied force dissipated through deformation/fracturing of the specimen 
and the remained force was transmitted through the sample.  
 
4.3.4 Testing Alumina/Epoxy Laminates  
The laminated alumina/epoxy disks were aligned at 0o, 45o, and 90o to the 
direction of impact.  The three different orientations show different mechanical 
responses, as shown in Fig. 4.8(a).  Most of the impact force was transmitted in 
the case of the 0o and 45o orientations, where severe to modest fractures were 
observed as the angular orientation increased.  In the case of the 90o testing 
orientation, the disk did not fracture because the applied force was absorbed by 
the epoxy layer.  
 
4.3.5 Testing Alumina/Epoxy Laminates at 45o Orientation 
In the case of the alumina/epoxy tested at the 45o orientation, the dynamic 
failure process was very similar to the fracture of the laminate tested at the 0o 
orientation, but since the layers were orientated at 45o, the crack also penetrated 
the alumina layer.  The fracturing at 45o was a combination of splitting along the 
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interphase and shearing/fragmentation through the alumina layer.  Figure 4.8(b) 
shows the transmitted force profile of the sample tested at 45o.  It was observed 
that the transmitted force increased until it reaches a high pick (~3.0 KN) and 
then the transmitted force dropped after complete unloading of the transmitted 
force.  In addition, Fig. 4.8(c) shows the high-speed images of the fracturing 
process of the alumina/epoxy sample tested at 45o.  The first image in Fig. 4.8(c) 
at 0 µs (corresponding to Fig. 4.8(b)) shows when the sample is between the 
incident and the transmission bar.  The second image at 50 µs shows crack 
initiation.  The second image at 80 µs and third image at 110 µs show crack 
propagation as the impacted force was unloaded.  Through observation of high-
speed images, images taken after 120 µs revealed fragmentation at the localized 
point of contact.  A small portion of the localized area chipped away near the 
transmitted bar.  This was probably the result of the tensile wave after the 
compression waves traveled through the sample.  
In general, the dynamic failure process was unique as the tested orientation 
changed.  Through high-speed imaging, it was revealed that the sample tested at 
0o orientation was more extensively damaged that the sample tested at the 45o 
orientation.  Furthermore, the sample tested at 90o did not have any visual 
fracture, but there was some minor grain pull out in the contact area of the 
incident and transmitted bars.   
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4.3.6 Characterization and Energy Dissipation Mechanism 
High-speed imaging with the combination of post mortem analysis of the 
failure process of the laminated alumina/epoxy disk indicated that the fracture 
was associated with the orientation of impact and stress that can be transmitted 
without being damaged or dissipated within the sample.  In the current study, 
increasing the orientation from 0o to 90o decreased the transmitted force in the 
disks, sustaining large impact and dissipating energy at the 90o orientation.  In 
terms of energy dissipation, crack deflection through the interphase was a 
common trend observed in the laminated alumina/epoxy disks tested at 0o, 45o, 
and 90o orientation.  Similarly, crack deflection mechanisms were observed by 
Don-Hau et al. when testing complex ceramic laminated systems [112]. 
Furthermore, it was observed that the 0o laminated alumina/epoxy samples 
fractured along the direction of the laminate, which was the direction of the SHPB 
impact (red arrow), as shown in Fig. 4.10(a).  The 45o degrees alumina/epoxy 
laminated sample fracture occurred along the direction of the laminate and also 
through the thickness, as shown in Fig 4.10(b).  Lastly, the 90o degrees 
alumina/epoxy laminated samples did not fracture into fragments, but had some 
micro-size cracks at the contact area between the incident bar and sample (Fig. 
4.10(c)) 
 
4.4 CONCLUSION 
Utilizing the SHPB combined with the Brazilian disk specimens proved to be 
an effective approach to study the dynamic mechanical behavior of laminated 
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composites as a function of their angular orientation (0o, 45o, and 90o). In the 
case of the alumina/epoxy samples, these are the following observations were 
made: (1) the alumina/epoxy sample fractured at 0° and 45° degrees, (2) 
however, the laminated sample at 90o did not fracture because the epoxy layers 
absorbed most of the impact load.  As the testing angle orientation in the 
laminated alumina/epoxy samples increased from 0o to 90o degrees, the 
transmitted force of the laminates decreased such that the sample tested at 0o 
had a transmitted force of 3.5 KN and the samples tested at 90 o had a 
transmitted force of 1.72 N.  When comparing the fracture mode of pure epoxy to 
an alumina sample, the epoxy sample absorbed most of the load and the sample 
did not fracture.  In contrast, the laminated alumina sample experienced micro 
cracks in the localized areas during the impact.  It is important to state that even 
though the sintering conditions for laminated alumina samples were the same, 
the mechanical response in the laminated systems varied by 16% depending on 
whether the sample fractured or remained intact during testing. 
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4.5 FIGURES 
 
 
Figure 4.1 Process to make alumina/epoxy Brazilian disk specimens 
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Figure 4.2 Modified Split Hopkinson Pressure Bar with sample set up 
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Figure 4.3 Dense alumina, laminated alumina/epoxy, and epoxy samples 
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Figure 4.4 Microstructure of dense alumina and laminated alumina/epoxy 
samples 
(a) 
(b) 
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Figure 4.5 (a) Example of typical raw data collected from the incident and 
transmission bars with momentum trap and (b) resulting front and back forces 
for the laminated alumina/epoxy samples tested at 0o orientation 
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Figure 4.6 Back force of epoxy sample, laminated alumina, and laminated 
alumina/epoxy sample 
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Fig 4.7 (a) Back force of alumina/epoxy sample tested at 00 orientation, 
laminated alumina and laminated alumina/epoxy sample and (b) high speed 
images corresponding to the points highlighted in (a) 
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Figure 4.8 (a) Back force of alumina/epoxy sample tested at 0o, 45o, and 90o 
orientation   
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Figure 4.8, cont. (b) Alumina/epoxy sample tested at 45o orientation and (c) 
high-speed imaging corresponding to the points highlighted in (b) 
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Figure 4.9 Post mortem analysis of the alumina/epoxy sample tested at 0o, 
45o, and 90o orientation 
 
Alumina/Epoxy, 0° Alumina/Epoxy, 45° Alumina/Epoxy, 90° 
The sample break along 
the direction of the 
interphase 
The sample break 
along the direction of 
the interphase and 
through the laminates 
The sample did not 
break, most of the load 
was absorbed by the 
epoxy 
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Figure 4.10 Micrographs of laminated alumina/epoxy disk tested at (a) 0o and 
(b) 45o orientation 
(a) 
(b) 
(c) 
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Figure 4.10(c), cont. Micrographs of laminated alumina/epoxy disk tested at 
(c) 90o orientation 
 
 
  
(a) 
(b) 
(c) 
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4.6 TABLES 
 
Table 4.1 Alumina Slurry Formulation to Make Alumina Tapes 
ACTUAL FORMULA 
(grams) 
wt% Grams 
First Stage*   
Alumina  
A16-SG 
53.40 64.08 
WB4101  12.00 14.40 
DF002 0.30 0.36 
DI water 22.00 26.40 
Second Stage** wt% Grams 
WB4101  12.00 14.40 
DF002 0.30 0.36 
 Total  120 
 
*The first stage was ball milled for 16 hours at 92 rpm 
**The second stage was ball milled for 4 hours at 92 rpm 
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Table 4.2 Variation in the Epoxy Layer Thickness in the Laminated 
Alumina/Epoxy Disks 
 
Testing 
orientation 
 
Thickness 
(0.1-0.19 mm) 
 
Thickness 
(0.2-0.29 mm) 
 
Thickness 
(0.3-0.39 mm) 
 
Alumina/Epoxy at 
0° degrees 
 
0.15 + 0.02 
 
0.25 +0.03 
 
0.35 +0.02 
 
Alumina/Epoxy at 
45° degrees 
 
0.17 + 0.02 
 
0.25 + 0.03 
 
0.34 + 0.02 
 
Alumina/Epoxy at 
90° degrees 
 
0.16 + 0.02 
 
0.25 +0.02 
 
0.33 + 0.2 
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CHAPTER 5 
CONCLUSION 
 
The material development aspects of granular media and laminated 
composites were discussed in this thesis, work motivated by the need for real 
material systems to understand stress wave propagation in both systems.   
The thesis began with a historical review of stress wave propagation of 
granular media based on the original work by Hertz on the nonlinear contact 
interaction between spheres.  In addition, Chapter 1 reviewed topological 
optimization to understand laminated composites based on the volume fraction 
and orientation of the layered systems. 
In Chapter 2, a method was optimized based on the sol-gel dripping 
technique to produce alumina beads ranging from 0.1-5 mm in diameter.  During 
the process, the slurry formulation was optimized based on the wt% of alumina, 
dispersant, and alginate binder.  Moreover, parameters in the bead forming 
equipment was used to mass-produce beads of different sizes and shapes.  The 
parameters that induced sphericity in the beads, which were studied using the 
bead forming equipment, were the following: droplet formation, the height of the 
tip from the gelling solution (CaCl2) layer, the surface tension, and wt% of the 
gelling solution.  Through experimentation following was found: 
• The alumina/alginate slurry was stabilized at pH between 7-10. 
• Viscosity of the alumina/alginate slurry should be below 0.3 Pa•s for 50 
wt% alumina suspension. 
	   123	  
• The surface tension of the gelling solution should be below a 50 mN/m. 
• The distance of the nozzle tip above the gelling solution should be above 
3 cm. 
In addition, adjusting the parameters mentioned above produced beads of the 
spherical and prolate spheroidal type.   
In Chapter 3, a new technique was developed to produce beads ranging from 
0.5 mm to 3 cm in diameter, based on the vibration colloidal approach.  To 
standardize the technique, the slurry composition was optimized based on the 
amount of PVA binder and alumina content.  As a subsequent step, the 
composition of alumina paste derived after the dehydration of the slurry was 
optimized, based on the amount of retained water.  Through experimentation, the 
following was found: 
• The best composition to produce beads was with alumina suspension 
containing 0.2 wt% of PVA binder. 
• Through characterization of the alumina paste, it was found that the 
alumina paste had viscoelastic solid type of rheology. 
• In addition, the equipment of the frequency of impact was found to be 60 
rad/s, which fell within the tested range of the measured alumina paste 
rheology. 
• The vibration approach produced three different type of beads: oblate, 
prolate, and tri-axial ellipsoidal. 
• The mechanical testing of the beads sintered at 1650 oC/4 hours with 97% 
density was 3954 N.   
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• Through refinement of the beads, it was estimated that the optimum time 
for ball milling was within the first 300 hours at 220 rpm. 
Chapter 4 described a different approach to develop material for the study of 
stress wave mitigation.  Laminated composites were fabricated using alumina 
and epoxy layers.  In addition, the dynamic behavior of the laminated composites 
was study using the Split Hopkinson Pressure bar with the Brazilian disk 
configuration.  The following conclusions were drawn from this study: 
• Brazilian disk specimens cut for a laminated stack proved to be an 
effective approach to studying the mechanical behavior of laminated 
composites as a function of their testing angle orientation. 
• When comparing the fracture mode of the pure epoxy sample to that of 
the laminated alumina sample, it was concluded that the epoxy sample 
absorbed most of the load and this sample did not fracture due to the soft 
nature of the material.  In contrast, the laminated alumina sample 
fractured due to the invariable behavior of the ceramic.   
• In the case of the alumina/epoxy samples, the laminates fractured at the 
0o and 45o testing orientations. 
• In the case of the 90o testing orientation, the sample did not fracture 
because the epoxy layers absorbed the impact load. 
The findings and methods presented in this research project can be used to 
expand the study of stress wave mitigation through experimental testing of 
granular media and laminated composites.   
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